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ABSTRACT	  The	  discovery	  of	  retroviral	  reverse	  transcriptase	  by	  Howard	  Temin	  and	  David	  Baltimore	  in	  1970	  revolutionized	  the	  field	  of	  molecular	  biology.	  Retroviruses	  have	  since	  become	  an	  invaluable	  research	  tool.	  At	  the	  same	  time,	  retroviruses	  continue	  to	  pose	  significant	  public	  health	  risk	  in	  terms	  of	  being	  causative	  agents	  for	  particularly	  devastating	  diseases	  like	  AIDS.	  Understanding	  the	  molecular	  mechanisms	  underlying	  essential	  functions	  in	  retroviruses	  is	  of	  immense	  interest.	  Rev-­‐like	  proteins	  are	  essential	  regulatory	  proteins	  that	  function	  to	  mediate	  nuclear	  export	  of	  incompletely	  spliced	  mRNAs	  in	  retroviruses	  such	  as	  HIV-­‐1.	  Following	  translation,	  HIV-­‐1	  Rev	  localizes	  to	  the	  nucleus	  and	  binds	  a	  unique	  sequence	  in	  the	  viral	  RNA,	  termed	  the	  Rev-­‐responsive	  element	  (RRE).	  	  HIV-­‐1	  Rev	  subsequently	  multimerizes	  along	  the	  RNA	  and	  interacts	  with	  cellular	  Crm1	  to	  export	  the	  RNA-­‐protein	  complex	  to	  the	  cytoplasm.	  The	  Rev	  protein	  of	  equine	  infectious	  anemia	  virus	  (EIAV)	  is	  atypical	  in	  terms	  of	  organization	  of	  functional	  domains	  and	  the	  presence	  of	  a	  bipartite	  RNA	  binding	  domain	  (RBD).	  It	  was	  previously	  unknown	  how	  the	  bipartite	  RBD,	  made	  up	  of	  two	  short	  arginine-­‐rich	  motifs	  (ARM1	  and	  ARM2),	  bound	  the	  RRE.	  	  To	  gain	  insight	  into	  the	  topology	  of	  the	  bipartite	  RNA	  binding	  domain,	  a	  computational	  approach	  was	  used	  to	  model	  the	  tertiary	  structure	  of	  EIAV	  Rev.	  Computational	  models	  suggested	  that	  ARM1	  and	  ARM2	  do	  not	  form	  a	  single	  RNA	  binding	  interface	  on	  the	  Rev	  monomer.	  A	  coiled-­‐coil	  region	  was	  identified	  in	  the	  Rev	  sequence	  and	  computationally	  characterized.	  Critical	  residues	  in	  the	  coiled-­‐coil	  were	  shown	  to	  be	  essential	  for	  Rev	  dimerization,	  and	  dimerization	  mutants	  were	  
 ix 
deficient	  for	  RNA	  binding.	  Together,	  these	  results	  suggest	  that	  EIAV	  Rev	  RNA	  binding	  requires	  dimerization	  to	  juxtapose	  ARM-­‐1	  and	  ARM-­‐2;	  dimerization	  is	  mediated	  by	  a	  coiled-­‐coil	  motif	  not	  previously	  reported	  in	  other	  Rev-­‐like	  proteins,	  including	  HIV-­‐1	  Rev.	  	  Since	  Rev-­‐like	  proteins	  are	  functionally	  homologous,	  it	  was	  important	  to	  determine	  whether	  coiled-­‐coil	  motifs	  are	  predicted	  for	  other	  members	  and	  the	  extent	  to	  which	  structural	  features	  are	  shared.	  Therefore,	  a	  comparative	  analysis	  of	  predicted	  secondary	  structural	  elements	  was	  performed	  in	  a	  phylogenetics	  framework.	  A	  common	  domain	  architecture	  was	  found	  in	  Rev-­‐like	  proteins,	  with	  the	  single	  exception	  of	  EIAV	  Rev.	  In	  addition,	  the	  target	  RNA	  binding	  site	  of	  all	  Rev-­‐like	  proteins	  was	  located	  in	  the	  3’	  half	  of	  the	  viral	  genome.	  A	  common	  pattern	  of	  two	  alpha	  helices	  was	  observed	  among	  Rev	  proteins	  of	  the	  primate	  lentiviruses.	  The	  Rev	  proteins	  of	  non-­‐primate	  lentiviruses	  and	  the	  Rev-­‐like	  proteins	  of	  betaretroviruses	  contained	  more	  alpha	  helical	  segments,	  which	  also	  showed	  common	  patterns	  of	  distribution	  in	  the	  protein.	  Deltaretrovirus	  Rev-­‐like	  proteins	  lacked	  predicted	  alpha	  helices	  or	  beta	  sheets.	  Coiled-­‐coils	  were	  found	  in	  all	  lentivirus	  Rev	  groups	  but	  not	  in	  all	  members	  of	  each	  group.	  Coiled-­‐coils	  were	  also	  found	  in	  two	  betaretrovirus	  Rev-­‐like	  proteins;	  in	  contrast,	  coiled-­‐coils	  were	  not	  found	  in	  any	  of	  the	  Rev-­‐like	  proteins	  of	  deltaretroviruses.	  Phylogenetic	  reconstruction	  of	  the	  ancestral	  state	  of	  coiled-­‐coils	  for	  all	  Rev-­‐like	  proteins	  suggests	  a	  single	  origin	  followed	  by	  two	  major	  losses,	  leading	  to	  the	  absence	  of	  coiled-­‐coils	  in	  some	  lentivirus	  groups	  and	  in	  all	  deltaretroviruses.	  These	  results	  reveal	  similarities	  among	  Rev-­‐like	  proteins	  despite	  significant	  sequence	  divergence,	  a	  possible	  result	  of	  common	  ancestry.	  The	  fact	  that	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coiled-­‐coils	  have	  been	  maintained	  across	  divergent	  Rev-­‐like	  proteins	  suggests	  they	  play	  an	  important	  role	  in	  function,	  presumably	  oligomerization	  and	  other	  key	  protein-­‐protein	  interactions.	  Some	  retroviruses,	  including	  HIV-­‐1,	  may	  have	  evolved	  alternate	  sequences	  to	  replace	  coiled-­‐coils	  motifs	  in	  their	  Rev-­‐like	  proteins.	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CHAPTER	  1.	  GENERAL	  INTRODUCTION	  	   This	  work	  describes	  computational,	  experimental,	  and	  phylogenetic	  analyses	  performed	  on	  an	  essential	  family	  of	  retroviral	  regulatory	  proteins,	  the	  Rev-­‐like	  proteins.	  Computational	  characterization	  of	  the	  tertiary	  structure	  of	  EIAV	  Rev,	  performed	  in	  an	  effort	  to	  understand	  how	  the	  bipartite	  RNA	  binding	  domain	  interacts	  with	  its	  RNA	  target,	  revealed	  the	  presence	  of	  a	  coiled-­‐coil	  motif,	  a	  key	  structural	  element	  in	  proteins.	  This	  coiled-­‐coil	  was	  shown	  to	  be	  important	  for	  EIAV	  Rev	  dimerization	  and	  RNA	  binding,	  and	  had	  not	  been	  previously	  reported	  in	  the	  Rev-­‐like	  proteins	  of	  other	  retroviruses,	  including	  HIV-­‐1.	  To	  address	  whether	  other	  retroviral	  Rev-­‐like	  proteins	  share	  this	  structural	  feature,	  a	  computational	  analysis	  of	  secondary	  structural	  elements	  of	  Rev-­‐like	  proteins	  was	  performed	  in	  a	  phylogenetics	  context.	  Results	  revealed	  shared	  features	  as	  well	  as	  differences	  between	  specific	  groups	  of	  Rev-­‐like	  proteins	  in	  terms	  of	  domain	  organization,	  location	  of	  the	  RNA	  target	  in	  the	  viral	  genome,	  presence	  of	  alpha	  helical	  regions,	  and	  distribution	  of	  coiled-­‐coil	  motifs.	  Finally,	  the	  evolutionary	  history	  and	  ancestral	  state	  of	  coiled-­‐coil	  motifs	  in	  Rev-­‐like	  proteins	  was	  inferred.	  	  	  	  	  
Dissertation	  Organization	  	   This	  dissertation	  is	  organized	  into	  four	  chapters.	  Chapter	  1	  is	  the	  introductory	  chapter	  covering	  retroviruses	  and	  their	  replication	  lifecycle	  with	  an	  emphasis	  on	  Rev-­‐mediated	  RNA	  nuclear	  export	  and	  retroviral	  Rev-­‐like	  proteins.	  An	  overview	  of	  computational	  methods	  of	  protein	  structure	  prediction	  and	  assessment	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as	  well	  as	  phylogenetic	  methods	  of	  inferring	  evolutionary	  relationships	  is	  also	  provided.	  	   Chapter	  2	  is	  a	  paper	  accepted	  for	  publication	  in	  the	  journal	  Retrovirology.	  It	  describes	  computational	  modeling	  of	  the	  tertiary	  structure	  of	  EIAV	  Rev	  to	  infer	  how	  the	  bipartite	  RNA	  binding	  domain	  interacts	  with	  its	  RNA	  target.	  The	  bipartite	  RNA	  binding	  domain	  of	  EIAV	  Rev	  consists	  of	  two	  arginine-­‐rich	  motifs	  (ARM1	  and	  ARM2),	  separated	  in	  the	  primary	  sequence	  by	  79	  amino	  acids	  (aa)	  [1].	  The	  relative	  orientation	  of	  ARM1	  and	  ARM2	  in	  predicted	  structural	  models	  suggested	  they	  do	  not	  form	  a	  single	  RNA	  binding	  interface	  on	  the	  Rev	  monomer.	  The	  chapter	  details	  the	  discovery	  and	  subsequent	  computational	  and	  biochemical	  characterization	  of	  a	  coiled-­‐coil	  motif	  required	  for	  dimerization	  and	  RNA	  binding.	  	  The	  contributions	  of	  each	  author	  to	  the	  paper	  are	  as	  follows:	  Susan	  Carpenter,	  Drena	  Dobbs,	  and	  I	  conceived,	  designed,	  and	  implemented	  the	  study.	  Hyelee	  Loyd	  and	  Kinsey	  Cornick	  assisted	  in	  protein	  purification	  and	  characterization.	  Jerald	  Chavez	  contributed	  towards	  conception	  and	  design	  of	  the	  study.	  Susan	  Carpenter	  supervised	  the	  study	  and	  provided	  advice	  throughout.	  Susan	  Carpenter,	  Drena	  Dobbs,	  and	  I	  wrote	  and	  revised	  the	  manuscript.	  	  	   Chapter	  3	  is	  a	  manuscript	  in	  preparation	  that	  describes	  a	  detailed	  computational	  analysis	  of	  structural	  features	  in	  retroviral	  Rev-­‐like	  proteins,	  performed	  in	  an	  evolutionary	  framework.	  Structural	  homology	  of	  retroviral	  Rev-­‐like	  proteins	  was	  assessed	  in	  a	  phylogenetics	  context	  to	  identify	  key	  features	  that	  could	  play	  important	  roles	  in	  their	  function	  and	  evolution.	  The	  contributions	  of	  each	  author	  to	  the	  paper	  are	  as	  follows:	  	  I	  conceived	  of	  and	  implemented	  the	  study.	  Susan	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Carpenter,	  Karin	  Dorman,	  Drena	  Dobbs,	  and	  I	  contributed	  to	  the	  experimental	  design.	  Susan	  Carpenter	  and	  I	  wrote	  and	  revised	  the	  manuscript.	  	  	   Chapter	  4	  is	  the	  summarizing	  chapter	  that	  includes	  general	  conclusions	  and	  addresses	  implications	  of	  the	  findings	  presented	  in	  the	  previous	  two	  chapters.	  	  	   	  	  
Introduction	  Retroviruses	  are	  a	  family	  of	  enveloped,	  single	  stranded	  RNA	  viruses	  with	  the	  ability	  to	  reverse	  transcribe	  their	  RNA	  genomes	  and	  integrate	  into	  host	  DNA.	  All	  retroviruses	  share	  a	  basic	  genomic	  organization	  and	  virion	  morphology.	  The	  genome	  is	  a	  dimer	  of	  single-­‐stranded	  positive	  sense	  RNA.	  Each	  strand	  contains,	  from	  5’	  to	  3’,	  gag,	  pol,	  and	  env	  genes.	  The	  gag	  gene	  codes	  for	  the	  structural	  proteins,	  capsid	  (CA),	  nucleocapsid	  (NC),	  and	  matrix	  (MA);	  pol	  encodes	  the	  enzymatic	  proteins	  reverse	  transcriptase	  (RT),	  integrase	  (IN),	  and	  protease	  (PR);	  and	  env	  encodes	  surface	  (SU)	  and	  transmembrane	  (TM)	  glycoproteins	  [2].	  The	  morphology	  of	  retroviruses	  is	  spherical.	  The	  RNA	  genome,	  a	  dimer	  of	  single-­‐stranded	  capped	  and	  polyadenylated	  RNA,	  is	  in	  complex	  with	  NC,	  and	  is	  surrounded	  by	  CA,	  together	  comprising	  the	  viral	  core	  (Figure	  1.1).	  Also	  contained	  within	  the	  viral	  core	  are	  the	  virus-­‐encoded	  enzymes	  RT,	  IN,	  and	  PR.	  Surrounding	  the	  viral	  core	  is	  a	  coat	  of	  MA	  proteins	  and	  a	  lipid	  bilayer	  embedded	  with	  SU	  and	  TM	  glycoproteins	  (Figure	  1.1).	  Retroviruses	  are	  classified	  into	  2	  subfamilies:	  Orthoretrovirinae	  and	  
Spumaretrovirinae.	  Orthoretrovirinae	  contain	  6	  genera:	  the	  alpha,	  beta,	  delta,	  gamma	  and	  epsilonretroviruses,	  as	  well	  as	  lentiviruses.	  Spumaretrovirinae	  contain	  only	  one	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genus,	  spumaviruses.	  Among	  the	  Orthoretrovirinae,	  lentiviruses,	  deltaretroviruses,	  and	  some	  betaretroviruses	  encode	  additional	  regulatory/accessory	  proteins.	  
	  
Figure	  1.	  1:	  Retrovirus	  morphology	  Schematic	  showing	  the	  viral	  core	  comprising	  capsid	  (CA),	  nucleocapsid	  (NC),	  reverse	  transcriptase	  (RT),	  protease	  (PR),	  integrase	  (IN),	  and	  the	  viral	  genome,	  a	  dimer	  of	  single	  stranded	  RNA.	  The	  viral	  core	  is	  surrounded	  by	  matrix	  (MA)	  and	  a	  lipid	  bilayer	  enriched	  in	  envelope	  proteins	  (SU	  and	  TM).	  	  (http://what-­‐when-­‐how.com/molecular-­‐biology/retroviruses-­‐part-­‐1-­‐molecular-­‐biology/)	  	  To	  productively	  infect	  hosts,	  all	  retroviruses	  must	  first	  undergo	  a	  series	  of	  concerted	  steps	  (Figure	  1.2).	  This	  begins	  by	  attaching	  to	  and	  specifically	  binding	  target	  cells,	  followed	  by	  traversing	  the	  cell	  membrane,	  uncoating	  the	  viral	  core,	  and	  reverse	  transcribing	  the	  RNA	  genome.	  The	  DNA	  intermediate	  and	  associated	  viral	  proteins,	  termed	  the	  preintegration	  complex	  (PIC),	  migrates	  to	  and	  traffics	  across	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the	  nuclear	  membrane.	  In	  the	  nucleus,	  integration	  into	  the	  host	  genome	  occurs,	  and	  the	  integrated	  form	  of	  the	  retrovirus	  is	  termed	  the	  provirus.	  These	  first	  series	  of	  steps	  are	  usually	  referred	  to	  as	  the	  early	  stage	  of	  the	  retroviral	  replication.	  The	  later	  stage	  of	  the	  retrovirus	  replication	  cycle	  begins	  with	  transcription	  and	  expression	  of	  the	  viral	  genes,	  and	  culminates	  in	  virus	  assembly,	  egress,	  and	  maturation.	  This	  results	  in	  new	  generations	  of	  viruses	  with	  the	  capacity	  to	  initiate	  subsequent	  infections	  and	  replication	  cycles	  (Figure	  1.2).	  	  
Early	  stage	  of	  retroviral	  replication	  For	  enveloped	  viruses	  to	  gain	  access	  into	  host	  cells,	  fusion	  between	  host	  and	  virus	  membranes	  is	  a	  necessity.	  Membrane	  fusion	  occurs	  either	  at	  cell	  surface	  plasma	  membranes,	  or	  in	  internalized	  cellular	  vesicles.	  Following	  virus	  adsorption	  to	  the	  cell,	  specific	  cellular	  receptors	  and/or	  co-­‐receptors	  interact	  with	  envelope	  proteins	  to	  mediate	  fusion.	  Subsequently,	  the	  virus	  translocates	  into	  the	  host	  cell	  cytoplasm.	  In	  HIV-­‐1,	  the	  envelope	  protein	  exists	  as	  a	  heterotrimer	  spike	  comprising	  SU	  and	  TM	  subunits.	  The	  host	  cellular	  receptor	  CD4	  glycoprotein	  and	  chemokine	  co-­‐receptors	  CXCR4/CCR5	  interact	  with	  SU	  and	  TM	  to	  mediate	  fusion.	  Initial	  docking	  of	  SU	  to	  CD4	  causes	  rearrangements	  in	  the	  virus,	  the	  cellular	  receptor	  CD4,	  and	  the	  cell	  surface	  [3,	  4].	  The	  rearrangements	  that	  occur	  in	  the	  virus	  results	  in	  engagement	  of	  co-­‐receptors,	  exposure	  of	  gp41,	  small	  pore	  opening	  in	  the	  virus,	  and	  lipid	  mixing	  between	  virus	  and	  cell.	  Following	  pore	  expansion	  and	  host	  and	  virus	  membrane	  redistribution,	  the	  viral	  core	  gains	  access	  to	  the	  cytoplasm	  [3].	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Figure	  1.	  2:	  Orthoretrovirus	  replication	  1	  and	  2:	  Envelope	  glycoproteins	  mediate	  binding	  and	  fusion	  between	  host	  and	  virus.	  3:	  The	  virus	  begins	  uncoating	  and	  reverse	  transcribing	  its	  RNA	  genome	  into	  DNA;	  the	  latter	  occurs	  in	  reverse	  transcription	  complexes	  (RTC).	  4:	  The	  integration	  competent	  complex	  or	  preintegration	  complex	  (PIC),	  traverses	  the	  nucleus,	  and	  is	  integrated	  into	  host	  DNA	  (5).	  The	  integrated	  form	  of	  the	  virus	  is	  termed	  the	  provirus.	  6:	  In	  the	  late	  phase	  of	  replication,	  transcription	  of	  the	  provirus	  generates	  unspliced	  mRNA	  that	  is	  capped	  and	  polyadenylated	  at	  the	  5’	  and	  3’	  ends,	  respectively.	  7:	  Gag	  and	  Gag-­‐Pol	  polyproteins	  are	  translated	  from	  unspliced	  mRNA	  and	  assemble	  on	  the	  host	  membrane	  (8).	  9:	  Fully	  assembled	  nascent	  virions	  bud	  from	  the	  cell	  membrane.	  10:	  Following	  proteolytic	  cleavage	  of	  Gag	  polyproteins,	  the	  virion	  matures,	  and	  is	  ready	  to	  initiate	  subsequent	  rounds	  of	  infection.	  	  Figure	  from	  http://www.nimr.mrc.ac.uk/research/kate-­‐bishop/.	  	  	   Membrane	  fusion	  in	  some	  retroviruses	  occurs	  in	  internalized	  vesicles.	  In	  these	  cases,	  viruses	  hijack	  essential	  cellular	  processes	  of	  endocytosis	  to	  breach	  the	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plasma	  membrane,	  these	  processes	  include	  clathrin	  and	  caveolae	  dependent	  endocytosis,	  macropinocytosis,	  and	  clathrin	  and	  caveolae	  independent	  pathways	  [5–14].	  Specific	  interactions	  between	  envelope	  protein	  subunits	  and	  a	  cellular	  receptor	  precede	  endocytosis.	  Following	  endocytosis,	  endosomal	  acidification	  usually	  triggers	  conformational	  rearrangements	  that	  lead	  to	  membrane	  fusion.	  Recently,	  results	  from	  time-­‐resolved	  imaging	  of	  single	  virus	  particles	  provide	  some	  evidence	  that	  HIV-­‐1	  membrane	  fusion	  might	  also	  take	  place	  in	  endosomal	  vesicles	  [15].	  In	  addition	  to	  these	  modes	  of	  retroviral	  infection,	  instances	  of	  direct	  cell-­‐to-­‐cell	  infection	  have	  also	  been	  reported	  [16,	  17].	  	  Following	  cellular	  entry,	  all	  retroviruses	  uncoat	  their	  viral	  cores.	  Reverse	  transcription	  takes	  place	  in	  the	  cytoplasm	  within	  subviral	  particles	  termed	  reverse	  transcription	  complexes	  [18].	  The	  reverse	  transcription	  complex	  (RTC)	  then	  migrates	  to	  the	  nuclear	  pore,	  courtesy	  of	  cellular	  microtubules	  and	  actin	  filaments	  [19].	  Integration-­‐competent	  complexes	  or	  preintegration	  complexes	  (PICs),	  contain	  proteins	  that	  harbor	  nuclear	  localization	  signals,	  which	  mediate	  entry	  into	  the	  nucleus	  [20].	  In	  the	  nucleus,	  integrase	  (IN)	  catalyzes	  semi-­‐random	  integration	  of	  the	  reverse	  transcribed	  viral	  genome	  into	  the	  host	  genome.	  A	  large-­‐scale	  survey	  of	  integration	  sites	  found	  that	  different	  retroviruses	  have	  distinct	  biases	  for	  integration	  sites:	  in	  HIV-­‐1,	  active	  genes	  are	  favored	  in	  primary	  and	  transformed	  cell	  lines;	  in	  murine	  leukemia	  virus	  (MuLV),	  transcriptional	  start	  sites	  are	  favored;	  and	  in	  avian	  sarcoma	  leukosis	  virus	  (ASLV)	  neither	  active	  genes	  nor	  transcriptional	  start	  sites	  seem	  to	  be	  favored	  [21].	  Retroviruses	  sometimes	  integrate	  into	  germ	  line	  cells	  and	  become	  inherited	  by	  subsequent	  generations,	  thereby	  infiltrating	  host	  lineages	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and	  persisting	  in	  an	  endogenous	  state.	  Such	  endogenous	  retroviruses	  can	  act	  as	  a	  “molecular	  fossil”	  and	  are	  useful	  in	  inferring	  evolutionary	  relationships.	  	  	  
	  
Late	  stage	  of	  retroviral	  replication	  Transcription	  of	  the	  integrated	  retroviral	  DNA,	  the	  provirus,	  is	  catalyzed	  by	  cellular	  RNA	  polymerase	  II.	  Long	  terminal	  repeat	  (LTR)	  sequences	  at	  the	  5’	  end	  of	  the	  provirus	  function	  as	  the	  viral	  promoter	  [22,	  23].	  Viral	  transcripts,	  like	  cellular	  mRNA,	  are	  capped	  and	  polyadenylated	  at	  the	  5’	  and	  3’	  ends,	  respectively.	  Completely	  spliced	  viral	  transcripts	  exit	  the	  nucleus	  using	  conventional	  cellular	  mRNA	  pathways.	  In	  all	  retroviruses,	  unspliced	  and	  incompletely	  spliced	  mRNAs	  encode	  essential	  structural,	  enzymatic	  and	  envelope	  proteins	  as	  well	  as	  contain	  the	  viral	  RNA	  genome.	  These	  transcripts	  need	  to	  be	  exported	  to	  the	  cytoplasm	  for	  translation	  and	  packaging	  before	  they	  are	  spliced	  to	  completion.	  As	  such,	  retroviruses	  have	  evolved	  mechanisms	  to	  mediate	  nuclear	  export	  of	  incompletely	  spliced	  and	  unspliced	  RNA	  [24].	  Lentiviruses,	  deltaretroviruses,	  and	  some	  betaretroviruses	  encode	  trans-­‐acting	  adaptor	  proteins,	  the	  Rev-­‐like	  proteins,	  which	  mediate	  RNA	  nuclear	  export.	  Spumaviruses	  and	  simple	  retroviruses	  coopt	  host	  cellular	  proteins	  to	  achieve	  the	  same	  goal.	  	  	  Following	  nuclear	  export	  of	  incompletely	  spliced	  and	  unspliced	  RNA,	  the	  events	  that	  lead	  up	  to	  assembly,	  budding,	  and	  maturation	  can	  then	  occur.	  Unspliced	  mRNAs	  serve	  as	  copies	  of	  the	  retroviral	  genome.	  Translation	  of	  unspliced	  mRNA	  yields	  Gag	  and	  Gag-­‐Pol	  polyproteins,	  the	  latter	  resulting	  from	  occasional	  ribosomal	  frameshifts	  or	  read-­‐throughs.	  Dimerization	  of	  two	  copies	  of	  the	  full-­‐length	  unspliced	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RNA	  genome	  occurs	  in	  the	  cytoplasm	  via	  base	  pairing	  of	  dimerization	  initiation	  signals	  (DIS).	  The	  dimeric	  viral	  RNA	  genome	  is	  recognized	  by	  Gag	  via	  interactions	  between	  the	  NC	  domain	  of	  Gag	  and	  packaging	  signals	  in	  the	  RNA	  [25,	  26].	  Gag	  is	  targeted	  to	  the	  cellular	  membrane	  where	  it	  forms	  aggregates	  that	  provoke	  invagination,	  assembly,	  and	  budding.	  Following	  assembly,	  nascent	  virions	  bud	  off,	  encased	  in	  a	  coat	  of	  the	  cellular	  lipid	  membrane.	  The	  released	  nascent	  virion,	  or	  immature	  virion,	  transitions	  to	  a	  fully	  matured	  form	  through	  cleavage	  of	  the	  Gag	  polyproteins	  by	  the	  viral	  encoded	  protease	  [27].	  	  
Retroviral	  RNA	  export	  	  The	  expression	  of	  retroviral	  structural	  proteins	  is	  dependent	  on	  specialized	  mechanisms	  of	  RNA	  export.	  The	  NXF1	  and	  Crm1	  dependent	  nuclear	  export	  pathways,	  together,	  comprise	  the	  two	  major	  mechanisms	  of	  nucleocytoplasmic	  mRNA	  transport	  in	  cells	  [28].	  All	  retroviruses	  contain	  cis-­‐acting	  RNA	  target	  sequences	  (Figure	  1.3)	  that	  recruit	  proteins,	  which	  mediate	  RNA	  export	  using	  either	  the	  NXF1	  or	  the	  Crm1	  nuclear	  export	  pathway.	  Spumaviruses	  and	  simple	  retroviruses	  either	  coopt	  NXF1	  itself	  or	  recruit	  cellular	  proteins	  that	  access	  the	  Crm1	  pathway.	  In	  contrast,	  all	  lentiviruses,	  deltaretroviruses,	  and	  some	  betaretroviruses	  encode	  Rev-­‐like	  proteins,	  which	  utilize	  only	  the	  Crm1	  pathway.	  	  Simple	  retroviruses	  such	  as	  simian	  retrovirus	  type-­‐1	  (SRV-­‐1)	  contain	  a	  single	  stem-­‐loop	  structure	  located	  directly	  upstream	  of	  the	  3’	  LTR,	  termed	  the	  constitutive	  transport	  element	  (CTE),	  which	  recruits	  NXF1	  [28–30].	  In	  the	  nucleus,	  NXF1	  binds	  the	  CTE	  with	  high	  affinity,	  associates	  with	  FG-­‐repeats	  of	  the	  nuclear	  pore,	  and	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shuttles	  the	  viral	  RNA	  target	  to	  the	  cytoplasm.	  Recently,	  gammaretroviruses	  were	  shown	  to	  contain	  a	  posttranscriptional	  element	  (PTE),	  which	  also	  recruits	  NXF1.	  The	  PTE	  of	  the	  gammaretrovirus	  murine	  leukemia	  virus	  (MuLV)	  overlaps	  pro	  and	  the	  5’	  region	  of	  pol	  and	  adopts	  a	  highly	  complex	  stem	  loop	  structure	  with	  a	  bipartite	  signal	  formed	  by	  5’	  and	  3’	  stem	  loops	  (Figure	  1.3)	  [31].	  The	  avian	  retroviruses	  contain	  direct	  repeats	  (DRs)	  that	  promote	  RNA	  export	  [32,	  33].	  The	  cellular	  DEAD	  box	  helicase	  Dbp5	  is	  involved	  in	  DR-­‐mediated	  nuclear	  export	  of	  RSV	  RNA	  but	  the	  precise	  mechanism	  is	  unknown	  [34,	  35].	  Recent	  results	  from	  Bodem	  et	  al.	  [40]	  suggest	  that	  spumaviruses	  utilize	  the	  Crm1	  pathway.	  In	  their	  study,	  RNA	  nuclear	  export	  of	  spumaviruses	  was	  shown	  to	  be	  Crm1-­‐dependent	  yet	  was	  independent	  of	  any	  virus-­‐encoded	  protein.	  Instead,	  it	  was	  shown	  that	  cellular	  protein	  HuR	  bound	  to	  spumavirus	  in	  complex	  with	  two	  other	  cellular	  factors	  known	  to	  bridge	  HuR	  to	  Crm1.	  All	  three	  cellular	  proteins	  were	  shown	  to	  be	  essential	  for	  spumavirus	  RNA	  export	  [36].	  However,	  an	  RNA	  element	  with	  which	  HuR	  interacts	  has	  not	  yet	  been	  discovered.	  	  Complex	  retroviruses	  utilize	  viral-­‐encoded	  Rev-­‐like	  regulatory	  proteins	  to	  link	  incompletely	  spliced	  and	  unspliced	  RNAs	  to	  the	  Crm1	  export	  pathway.	  After	  translation	  in	  the	  cytoplasm	  from	  a	  fully	  spliced	  transcript,	  Rev-­‐like	  proteins	  enter	  the	  nucleus	  via	  the	  importin-­‐β	  host	  import	  pathway.	  In	  the	  nucleus	  they	  bind	  specifically	  to	  their	  cognate	  RNA	  target	  and	  recruit	  the	  Crm1	  host	  protein.	  The	  Crm1-­‐Rev-­‐RNA	  complex,	  or	  the	  ribonucleoprotein	  complex,	  translocates	  from	  the	  nucleus	  to	  the	  cytoplasm	  via	  Crm1-­‐mediated	  interactions	  with	  the	  nuclear	  pore	  complex.	  In	  the	  cytoplasm,	  incompletely	  spliced	  and	  unspliced	  mRNA	  can	  then	  be	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translated	  to	  their	  respective	  proteins	  or	  incorporated	  as	  copies	  of	  the	  RNA	  genome	  into	  nascent	  virions.	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Figure	  1.	  4:	  HIV-­‐1	  Rev	  nuclear	  export	  
1:	  In	  the	  nucleus,	  Rev	  binds	  viral	  RRE	  and	  recruits	  Crm1.	  RanGTP	  increases	  Crm1	  affinity	  for	  Rev.	  The	  Rev-­‐RRE-­‐Crm1-­‐RanGTP	  complex	  shuttles	  through	  the	  nuclear	  pore	  complex	  (NPC).	  Interactions	  with	  nucleoporins,	  including	  Nup98	  and	  Nup214,	  facilitate	  passage	  through	  the	  NPC.	  2:	  In	  the	  cytoplasm,	  Ran-­‐GAP	  converts	  RanGTP	  to	  RanGDP	  and	  this	  results	  in	  dissociation	  of	  Crm1.	  3.	  After	  Rev	  releases	  its	  RNA	  cargo,	  it	  directly	  interacts	  with	  importin-­‐β	  in	  the	  presence	  of	  RanGDP	  and	  shuttles	  back	  into	  the	  nucleus.	  4.	  In	  the	  nucleus,	  Ran-­‐GEF	  phosphorylates	  RanGDP	  to	  RanGTP,	  resulting	  in	  dissociation	  of	  importin-­‐β.	  Rev	  is	  then	  able	  to	  bind	  additional	  viral	  RRE	  and	  continue	  the	  export	  cycle.	  Figure	  from	  Hope	  [37].	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Retroviral	  Rev-­‐like	  proteins	  Rev-­‐like	  proteins	  are	  a	  functionally	  homologous	  family	  of	  adaptor	  phosphoproteins	  that	  tether	  intron-­‐containing	  retroviral	  mRNAs	  to	  the	  Crm1	  host	  machinery	  for	  nuclear	  export	  [38–42].	  All	  members	  of	  lentiviruses	  and	  deltaretroviruses	  have	  been	  shown	  to	  encode	  a	  Rev-­‐like	  protein,	  Rev	  and	  Rex,	  respectively.	  Three	  betaretroviruses,	  mouse	  mammary	  tumor	  virus	  (MMTV),	  Jaagsitke	  sheep	  retrovirus	  (JSRV),	  and	  the	  human	  endogenous	  retrovirus	  type	  K	  (HERV-­‐K	  HML2),	  also	  encode	  a	  protein	  with	  Rev-­‐like	  properties,	  termed	  Rem,	  Rej,	  and	  Rec,	  respectively	  [39,	  43–57].	  	  To	  accomplish	  RNA	  nuclear	  export,	  all	  Rev-­‐like	  proteins	  recognize	  specific	  responsive	  elements	  (RRE	  in	  lentiviruses;	  RxRE	  in	  deltaretroviruses;	  RcRE,	  RmRE,	  or	  RjRE	  in	  betaretroviruses)	  in	  target	  RNA.	  All	  Rev-­‐like	  proteins	  contain	  a	  leucine-­‐rich	  nuclear	  export	  signal	  (NES)	  that	  specifically	  interacts	  with	  the	  Crm1	  host	  export	  factor,	  and	  an	  arginine/lysine-­‐rich	  motif	  (ARM),	  which	  contain	  sequences	  that	  mediate	  both	  nuclear	  localization	  and	  RNA	  binding.	  The	  nuclear	  localization	  signal	  (NLS),	  embedded	  within	  the	  basic	  region,	  accesses	  the	  importin	  host	  nuclear	  import	  pathway.	  Table	  1	  lists	  the	  residues	  comprising	  the	  ARM	  and	  NES	  functional	  domains	  of	  Rev-­‐like	  proteins.	  	  In	  addition	  to	  the	  NES	  and	  ARM,	  extensively	  characterized	  Rev-­‐like	  proteins	  have	  been	  shown	  to	  contain	  oligomerization	  domains,	  which	  are	  usually	  required	  for	  Rev	  assembly	  on	  the	  RNA	  target,	  subsequent	  recruitment	  of	  Crm1,	  and	  nuclear	  export	  of	  the	  ribonucleoprotein	  complex	  [58–63].	  All	  Rev-­‐like	  proteins	  constitutively	  shuttle	  between	  the	  nucleus	  and	  cytoplasm	  by	  virtue	  of	  NES-­‐Crm1	  
 14 
and	  NLS-­‐importin	  interactions	  (Figure	  1.4),	  and	  preferentially	  localize	  to	  the	  nucleus/nucleolus	  of	  infected	  cells	  [50,	  64–66].	  A	  summary	  of	  key	  features	  of	  retroviral	  Rev-­‐like	  proteins	  is	  given	  below.	  	  	  	  
HIV-­‐1	  Rev	  HIV-­‐1	  Rev,	  a	  ~19kDa	  phosphoprotein,	  is	  the	  prototypic	  member	  of	  the	  Rev-­‐like	  family	  of	  proteins.	  HIV-­‐1	  Rev	  is	  phosphorylated	  at	  several	  serine	  residues	  in	  its	  primary	  sequence	  but	  mutation	  of	  phosphorylated	  residues	  does	  not	  affect	  Rev	  export	  function	  and	  there	  is	  no	  correlation	  between	  the	  level	  of	  phosphorylation	  and	  Rev-­‐mediated	  export	  [67].	  	  HIV-­‐1	  Rev	  contains	  an	  N-­‐terminal	  ARM,	  which	  harbors	  a	  nuclear	  localization	  signal	  (NLS)	  and	  an	  RNA	  binding	  domain	  (RBD).	  In	  the	  cytoplasm,	  the	  NLS	  interacts	  with	  importin-­‐β	  in	  the	  presence	  of	  RanGDP	  to	  gain	  entry	  to	  the	  nucleus.	  Once	  in	  the	  nucleus,	  the	  HIV-­‐1	  Rev	  NLS	  dissociates	  from	  importin-­‐β,	  as	  a	  result	  of	  phosphorylation	  of	  RanGDP	  to	  RanGTP	  by	  Ran-­‐GEF,	  allowing	  the	  RBD	  to	  selectively	  bind	  the	  RNA	  target	  (Figure	  1.4)	  [67–72].	  The	  RNA	  target	  of	  HIV-­‐1	  Rev	  is	  a	  ~350nt	  highly	  structured	  RNA	  element	  (RRE)	  in	  the	  SU/TM	  junction,	  comprising	  a	  series	  of	  stems	  and	  loops,	  labeled	  stem	  loop	  I	  through	  V	  (SLI-­‐V)	  [72–82].	  A	  primary	  high	  affinity	  site	  (SLIIB)	  and	  a	  secondary	  binding	  site	  (SLIA)	  are	  both	  absolutely	  required	  for	  Rev-­‐mediated	  nuclear	  export.	  The	  HIV-­‐1	  ARM	  is	  flanked	  on	  both	  sides	  by	  oligomerization	  domains	  (Figure	  1.5),	  which	  play	  dual	  roles.	  The	  oligomerization	  domains	  stabilize	  protein	  structure	  and	  also	  mediate	  multimeric	  assembly	  of	  Rev	  on	  the	  RRE.	  Rev	  assembly	  on	  the	  RRE	  is	  absolutely	  required	  for	  high	  affinity	  binding	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and	  RNA	  export	  [58,	  60,	  62,	  63,	  83,	  83–88].	  RNA	  export	  is	  mediated	  by	  a	  disordered	  NES	  that	  directly	  binds	  Crm1.	  Critical	  leucine	  residues	  within	  the	  NES	  mediate	  interaction	  with	  Crm1,	  and	  this	  interaction	  is	  stabilized	  by	  cooperative	  binding	  of	  RanGTP	  (Figure	  1.4)	  [70,	  89–94].	  	  In	  addition	  to	  Crm1	  and	  importin-­‐β,	  there	  is	  accumulating	  evidence	  that	  a	  host	  of	  other	  cellular	  factors,	  including	  DEAD-­‐box	  helicases,	  matrin-­‐3,	  and	  human	  protein	  staufen-­‐2,	  interact	  with	  HIV-­‐1	  Rev.	  These	  interactions	  could	  be	  important	  for	  Rev-­‐mediated	  viral	  RNA	  export,	  enhancing	  translation	  of	  viral	  RNA,	  packaging,	  or	  viral	  infectivity	  [95–105].	  	  	  Depending	  on	  the	  isolate,	  HIV-­‐1	  Rev	  shares	  sequence	  identity	  of	  ~20-­‐30%	  with	  the	  Rev	  proteins	  of	  the	  other	  primate	  lentiviruses,	  human	  immunodeficiency	  virus	  type	  2	  and	  simian	  immunodeficiency	  virus	  (HIV-­‐2,	  and	  SIV),	  and	  contains	  the	  same	  number	  of	  functional	  domains.	  Despite	  considerable	  sequence	  divergence,	  HIV-­‐1	  Rev	  can	  functionally	  replace	  HIV-­‐2	  and	  SIV	  Rev.	  However,	  this	  functional	  replacement	  is	  not	  reciprocal,	  as	  HIV-­‐2	  and	  SIV	  Rev	  cannot	  effectively	  substitute	  for	  HIV-­‐1	  Rev	  [106,	  107].	  	  	  
EIAV	  Rev	  The	  Rev	  protein	  of	  equine	  infectious	  anemia	  virus	  (EIAV)	  is	  atypical	  [108].	  Distinct	  characteristics	  include	  an	  unusually-­‐long	  NES	  with	  atypical	  spacing	  of	  critical	  leucine	  residues	  [109,	  110],	  a	  bipartite	  RBD	  [1],	  and	  an	  organization	  of	  functional	  domains	  opposite	  to	  that	  of	  HIV-­‐1	  Rev	  [1]	  (Figure	  1.5).	  The	  bipartite	  RBD	  consists	  of	  two	  short	  arginine-­‐rich	  motifs,	  designated	  ARM-­‐1	  and	  ARM-­‐2,	  separated	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by	  79	  aa	  in	  the	  primary	  sequence.	  ARM-­‐1	  is	  located	  in	  the	  center	  of	  the	  protein	  while	  ARM-­‐2	  resides	  at	  the	  C-­‐terminus	  and	  also	  serves	  as	  an	  NLS	  [1].	  The	  RRE	  target	  of	  EIAV	  (ERRE)	  comprises	  a	  555nt	  region	  located	  at	  the	  5’	  end	  of	  the	  env	  gene	  [111].	  ERRE	  contains	  two	  regions,	  RBR-­‐1	  and	  RBR-­‐2,	  that	  are	  altered	  in	  the	  presence	  of	  EIAV	  Rev.	  RBR-­‐1	  contains	  a	  55nt	  minimal	  RRE	  target,	  overlapping	  an	  exonic	  splicing	  enhancer	  [111,	  112].	  RBR-­‐2	  is	  not	  required	  for	  function	  and	  its	  precise	  role	  has	  not	  been	  fully	  defined,	  although	  there	  is	  evidence	  that	  it	  enhances	  EIAV	  Rev-­‐ERRE	  binding	  affinity	  [111].	  EIAV	  Rev	  is	  encoded	  by	  two	  exons	  and	  residues	  encoded	  by	  the	  first	  exon	  are	  not	  essential	  for	  Rev	  activity	  [51,	  113].	  A	  highly	  variable	  region,	  termed	  the	  HVR,	  located	  toward	  the	  C-­‐terminus,	  is	  also	  not	  required	  for	  function	  but	  can	  modulate	  Rev	  activity	  [1,	  114–117].	  .	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Other	  lentivirus	  Rev	  proteins	  In	  addition	  to	  HIV-­‐1,	  HIV-­‐2,	  SIV	  and	  EIAV,	  Rev	  proteins	  are	  found	  in	  all	  other	  lentivirus	  members	  including	  the	  feline	  and	  bovine	  immunodeficiency	  viruses	  and	  the	  small	  ruminant	  lentiviruses	  (SRLV),	  comprising	  visna	  virus	  and	  caprine	  arthritis	  encephalitis	  virus	  (CAEV).	  The	  Rev	  protein	  of	  feline	  immunodeficiency	  virus	  (FIV),	  shares	  ~17%	  sequence	  identity	  with	  HIV-­‐1	  Rev	  (HXB2	  reference	  sequence).	  The	  ARM	  and	  NES	  of	  FIV	  Rev	  are	  contained	  within	  the	  C-­‐terminal	  half	  and	  are	  separated	  by	  only	  2	  residues,	  placing	  these	  two	  domains	  in	  much	  closer	  proximity	  than	  that	  seen	  in	  most	  lentivirus	  Rev	  proteins	  [119,	  120].	  The	  NES	  of	  FIV	  Rev	  bears	  similarity	  to	  the	  NES	  of	  EIAV	  Rev	  with	  respect	  to	  its	  length	  and	  the	  atypical	  spacing	  of	  critical	  hydrophobic	  residues.	  The	  RRE	  target	  of	  FIV	  Rev	  is	  located	  at	  the	  3’	  end	  of	  env.	  [120].	  This	  is	  in	  contrast	  to	  EIAV,	  which	  contains	  its	  RRE	  at	  the	  5’	  end	  of	  env.	  The	  Rev	  protein	  of	  bovine	  immunodeficiency	  virus	  (BIV)	  is	  186	  aa	  in	  length	  and	  shares	  ~19%	  sequence	  identity	  with	  HIV-­‐1	  Rev.	  The	  BIV	  RRE	  maps	  to	  a	  ~312nt	  region	  in	  the	  3’	  half	  of	  the	  env	  gene.	  A	  38	  aa	  stretch	  of	  basic	  residues	  in	  the	  center	  of	  the	  protein	  partially	  aligns	  with	  the	  ARM	  of	  HIV-­‐1	  Rev	  [49,	  50].	  Archambault	  and	  Corredor	  [121]	  have	  shown,	  by	  alanine	  scanning	  of	  basic	  residues	  within	  this	  region,	  that	  the	  BIV	  Rev	  NLS	  is	  bipartite,	  comprising	  two	  short	  arginine-­‐rich	  regions	  (4	  and	  7	  aa,	  respectively)	  separated	  by	  20	  aa	  in	  primary	  sequence.	  In	  addition	  to	  possessing	  a	  novel	  bipartite	  NLS,	  Archambault	  and	  Corredor,	  also	  showed	  that	  BIV	  Rev	  uses	  the	  classical	  import	  pathway	  in	  which	  host	  cellular	  protein	  importin-α	  recognizes	  the	  NLS	  and	  acts	  as	  an	  adaptor	  that	  couples	  the	  cargo	  protein	  to	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importin-­‐β.	  This	  is	  distinct	  from	  the	  import	  pathway	  used	  by	  HIV-­‐1	  Rev	  in	  which	  HIV-­‐1	  Rev	  directly	  binds	  importin-­‐β.	  The	  NES	  of	  BIV	  Rev	  is	  located	  immediately	  downstream	  of	  the	  ARM.	  The	  spacing	  of	  leucine	  residues	  in	  the	  BIV	  Rev	  NES	  is	  novel	  among	  lentiviruses	  characterized	  so	  far	  and	  closely	  resembles	  that	  seen	  in	  the	  NES	  of	  cyclic	  AMP-­‐dependent	  protein	  kinase	  inhibitor,	  another	  prototypic	  NES	  containing	  protein	  [42].	  The	  Rev	  protein	  of	  visna	  virus,	  one	  of	  two	  members	  of	  the	  small	  ruminant	  lentiviruses,	  has	  ~15%	  sequence	  identity	  with	  HIV-­‐1	  Rev.	  All	  functional	  domains	  of	  visna	  virus	  Rev	  are	  located	  in	  the	  C-­‐terminal	  half.	  The	  visna	  virus	  RRE	  is	  a	  177nt	  stem-­‐loop	  structure	  that	  maps	  within	  the	  5’	  half	  of	  the	  TM	  region	  of	  env	  [122,	  123].	  The	  Rev	  protein	  of	  CAEV,	  the	  other	  member	  of	  the	  small	  ruminant	  lentiviruses,	  contains	  a	  centrally	  located	  ARM	  and	  an	  NES	  in	  the	  C-­‐terminal	  half	  [41,	  124–127].	  Schoborg	  and	  Clements	  have	  demonstrated,	  through	  gluteraldehyde	  crosslinking	  assays,	  that	  CAEV	  Rev	  multimerizes	  and	  that	  mutations	  within	  the	  ARM,	  in	  addition	  to	  abrogating	  RRE	  binding,	  also	  abrogate	  multimerization	  [122,	  123,	  128].	  	  In	  addition	  to	  exogenous	  lentiviruses,	  Rev	  proteins	  have	  also	  been	  inferred	  from	  the	  sequences	  of	  endogenous	  lentiviruses.	  Currently,	  five	  endogenous	  lentiviruses	  have	  been	  discovered.	  These	  include	  rabbit	  endogenous	  lentivirus	  type	  K	  (RELIK)	  in	  the	  European	  rabbit	  and	  an	  ortholog	  in	  European	  hares	  [129,	  130];	  the	  prosimian	  immunodeficiency	  virus,	  pSIV,	  which	  is	  endogenous	  in	  various	  Malagasy	  lemur	  species	  [131,	  132];	  the	  Mustelidae	  endogenous	  lentivirus	  in	  the	  domestic	  ferret	  (Mustela	  putorius	  furo),	  denoted	  mELVmpf	  [133,	  134];	  and	  more	  recently,	  an	  endogenous	  lentivirus	  in	  the	  genome	  of	  the	  Malayan	  colugo	  (Galeopterus	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variegatus),	  denoted	  ELVgv	  [135].	  Estimates	  of	  time	  of	  insertion	  of	  the	  first	  copies	  of	  these	  endogenous	  lentiviruses	  ranges	  between	  8-­‐13mya	  [130,	  132,	  133,	  135].	  Potential	  Rev	  proteins	  have	  been	  predicted	  for	  RELIK,	  pSIV,	  and	  mELVmpf,	  based	  on	  location	  of	  open	  reading	  frames	  and	  presence	  of	  domains	  that	  share	  sequence	  similarity	  to	  known	  Rev	  functional	  domains.	  Currently,	  none	  of	  these	  have	  been	  characterized	  beyond	  the	  level	  of	  primary	  sequence.	  	  	  
Deltaretrovirus	  Rex	  All	  members	  of	  the	  deltaretroviruses,	  including	  the	  primate	  T-­‐cell	  lymphotropic	  viruses	  (HTLV-­‐1,	  2,	  and	  3;	  STLV-­‐1,2,	  and	  3)	  and	  bovine	  leukemia	  virus	  (BLV)	  encode	  a	  regulatory	  protein	  that	  is	  functionally	  analogous	  to	  Rev,	  termed	  Rex.	  The	  Rex	  proteins	  of	  HTLV-­‐1	  and	  HTLV-­‐2	  share	  ~55%	  sequence	  identity	  with	  each	  other,	  have	  similar	  organizations	  of	  functional	  domains,	  and	  can	  functionally	  substitute	  for	  each	  other	  in	  vivo	  [136–138].	  An	  N-­‐terminal	  ARM	  is	  located	  within	  the	  first	  20aa	  [139],	  and	  a	  leucine-­‐rich	  NES	  is	  located	  within	  the	  central	  region	  of	  the	  protein.	  The	  NES	  has	  been	  shown	  to	  interact	  with	  Crm1	  [70,	  140–143].	  Extensive	  mutational	  analysis	  of	  Rex	  has	  revealed	  a	  pair	  of	  oligomerization	  domains	  flanking	  both	  sides	  of	  the	  NES	  [144–146].	  Formation	  of	  oligomeric	  Rex	  complexes	  is	  absolutely	  required	  for	  RNA	  export.	  	  HTLV-­‐1	  Rex	  RNA	  binding	  and	  export	  functions	  are	  regulated	  by	  phosphorylation	  [147,	  148].	  Phosphorylation	  yields	  different	  isoforms	  of	  wild	  type	  Rex,	  which	  can	  be	  seen	  as	  two	  distinct	  bands	  on	  an	  SDS-­‐PAGE	  gel	  [147,	  148].	  HTLV-­‐1	  and	  HTLV-­‐2	  also	  encode	  N-­‐terminal	  truncated	  isoforms	  of	  Rex,	  which	  impede	  Rex	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localization	  and	  function	  and	  are	  thought	  to	  have	  an	  auto	  inhibitory	  function	  [149–151].	  More	  recently,	  HTLV	  Rex	  was	  shown	  to	  contain	  a	  novel	  multifunctional	  C-­‐terminal	  domain	  that	  regulates	  its	  half-­‐life	  and	  subcellular	  localization	  [152–154].The	  Rex	  responsive	  element	  (RxRE),	  the	  RNA	  target	  of	  Rex,	  is	  a	  highly	  structured	  RNA	  complex	  located	  in	  the	  3’	  LTR	  region	  [137,	  155–159].	  Both	  HTLV-­‐1	  and	  HTLV-­‐2	  Rex	  can	  interact	  with	  HIV-­‐1	  Rev	  RRE	  [136],	  and	  HTLV-­‐1	  Rex	  can	  functionally	  replace	  HIV	  Rev	  in	  transient	  expression	  assays	  [160].	  	  	  
Betaretrovirus	  Rev-­‐like	  proteins	  Mouse	  mammary	  tumor	  virus	  (MMTV)	  is	  one	  of	  three	  betaretroviruses	  that	  encode	  a	  Rev-­‐like	  regulatory	  protein,	  designated	  Rem	  [54,	  55].	  The	  other	  two	  betaretroviruses	  that	  encode	  Rev-­‐like	  proteins	  are	  JSRV	  and	  HERV-­‐K.	  These	  proteins	  are	  designated	  Rej	  and	  Rec,	  respectively	  [56,	  57,	  161].	  Rem	  is	  glycosylated	  and	  contains	  an	  N-­‐terminal	  98aa-­‐long	  signal	  peptide	  (SP).	  In	  fact,	  Rem	  and	  Env	  both	  have	  identical	  SPs	  as	  both	  proteins	  are	  generated	  using	  the	  same	  reading	  frame.	  Rem	  is	  unusually	  long,	  ~300aa,	  but	  all	  functional	  domains	  characterized	  so	  far	  map	  to	  its	  N-­‐terminal	  SP.	  These	  functional	  domains	  include	  an	  ARM	  and	  a	  leucine-­‐rich	  NES.	  MMTV	  RNA	  export	  has	  been	  shown	  to	  be	  Crm1	  dependent.	  The	  C-­‐terminus	  of	  Rem	  contains	  very	  minimal	  recognizable	  Rev-­‐like	  features.	  However,	  Mertz	  et	  al.	  [55]	  showed	  that	  deletion	  of	  this	  region	  increases	  nuclear	  export	  activity	  suggesting	  a	  possible	  role	  in	  self-­‐regulation.	  Due	  to	  the	  fact	  that	  Rem	  functional	  domains	  lie	  within	  the	  SP	  sequence,	  processing	  by	  signal	  peptidases	  and	  translocation	  is	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required	  for	  its	  function	  [162,	  163].	  The	  Rem	  responsive	  element	  (RmRE)	  is	  a	  highly	  structured	  ~490nt	  region	  that	  maps	  to	  the	  env/LTR	  junction	  [164,	  165].	  	  Similar	  to	  its	  MMTV	  counterpart,	  the	  Rev-­‐like	  protein	  encoded	  by	  HERV-­‐K,	  Rec,	  contains	  an	  N-­‐terminal	  signal	  peptide	  that	  is	  identical	  to	  that	  of	  Env	  [56].	  An	  N-­‐terminal	  ARM	  specifically	  interacts	  with	  the	  Rec	  responsive	  element,	  (RcRE),	  and	  confers	  nuclear	  localization	  function	  [166–168].	  ARM	  mutants	  exert	  a	  trans-­‐dominant	  phenotype	  when	  co-­‐transfected	  with	  wild	  type	  Rec,	  suggesting	  that	  mutant	  and	  wild	  type	  Rec	  may	  form	  inactive	  multimers	  [166].	  In	  support	  of	  this,	  Rec	  has	  been	  shown	  to	  form	  tetramers,	  which	  are	  stabilized	  even	  further	  upon	  RcRE	  binding.	  Multimerization	  function	  has	  been	  mapped	  to	  specific	  residues	  in	  the	  C-­‐terminal	  region	  [169].	  The	  RcRE	  is	  a	  ~429nt	  highly	  structured	  segment	  located	  in	  the	  3’	  LTR	  region	  of	  the	  provirus.	  It	  is	  suggested	  that	  up	  to	  three	  tetramers	  of	  Rec	  assemble	  on	  the	  RcRE	  prior	  to	  RNA	  export	  [170].	  A	  leucine-­‐rich	  NES	  is	  located	  in	  the	  center	  of	  Rec	  and	  is	  thought	  to	  bind	  Crm1,	  with	  critical	  leucine	  residues	  within	  the	  NES	  having	  been	  shown	  to	  be	  essential	  for	  nuclear	  export	  [171].	  Similar	  to	  Rec	  and	  Rem,	  JSRV	  Rej	  is	  encoded	  by	  the	  signal	  peptide	  of	  env	  [57,	  172].	  The	  N-­‐terminus	  of	  the	  protein	  contains	  a	  predicted	  ARM	  and	  a	  C-­‐terminal	  leucine-­‐rich	  hydrophobic	  region	  is	  predicted	  to	  mediate	  Crm1-­‐mediated	  nuclear	  export	  [172].	  The	  Rej	  responsive	  element,	  termed	  RejRE,	  is	  a	  structured	  region	  containing	  a	  series	  of	  stem	  loops	  and	  maps	  to	  the	  3’	  end	  of	  env	  [57,	  172,	  173].	  Interestingly,	  the	  3’	  end	  of	  env	  also	  contains	  a	  constitutive	  transport	  element	  (CTE),	  which	  is	  dependent	  on	  cellular	  factors	  for	  nuclear	  export	  [57,	  173].	  The	  composite	  of	  the	  RejRE	  and	  CTE,	  is	  termed	  the	  JREE	  [57,	  173].	  RNA	  export	  of	  unspliced	  JSRV	  is	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CTE-­‐dependent	  while	  Gag	  expression	  is	  RejRE-­‐dependent.	  Thus,	  JSRV	  is	  unique	  in	  that	  it	  combines	  nuclear	  export	  strategies	  of	  both	  the	  complex	  and	  simple	  retroviruses.	  	  
Table	  1:	  Summary	  of	  NES	  and	  ARMs	  of	  retroviral	  Rev-­‐like	  proteins	  	  
Retrovirus	   Nuclear	  Export	  Signal	  (NES)	   Arginine-­‐Rich	  Motif	  (ARM)	   Accession	  
HIV-­‐1	   LPPLERLTL	   TRQARRNRRRRWRERQR	   P69718	  
HIV-­‐2	   IQHLQGLTI	  	   QRRNRRRRWKQRWRQ	   AAB00769	  
SIV	   LENKDLVLQHL TARQRRRARQRWRKQQQ	   AAA91927	  
FIV	   KAFKKMMTDLEDRFRKLFGSP	   KKKRQRRRRKKK	   AAB22932	  
EIAV	   PLGSDQWCRVLRQSLPEEKISS	   RRDR;	  KRRRK	   AAC24025	  
BIV	   LSGLDRRIQQLEDL	   RKLPGERRPGFWKSLRELVEQNRRK	   AAA42772	  
CAEV	   LEPCLGALAELTL	   RRRRRKSGFWRWLRGIRQQRNKRK	   P33460	  
OMVV	   CAGLENLTL	   KRRKGWFQWLRKLRAREK	   AAA66816	  
MMTV	   LTLFLALLSVL	   KKQRPHLALRRKRRRE	   ABB02515	  
JSRV	   ILIMLLLLL	   KRRAGFRKGWARQR	   Hofacre	  et	  al	  
BLV	   LSASMERCSLD	   KERRSRRRPQPIIRWRQN	   ACR15159	  
HTLV-­‐1	   LSAQLYSSLSLD	   PKTRRRPRRSQRKRPPT	   P0C205	  
HTLV-­‐2	   LSALLSNTLSLA	   PKTRRQRTRRARRNRPPT	   Q85601	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Rev	  structure	  Nuclear	  magnetic	  resonance	  (NMR)	  spectroscopy	  studies	  of	  HIV-­‐1	  Rev	  revealed	  that	  the	  C-­‐terminal	  half	  of	  the	  protein	  is	  intrinsically	  disordered	  [13];	  however,	  crystal	  structures	  of	  the	  N-­‐terminal	  half	  of	  HIV-­‐1	  Rev,	  including	  the	  ARM	  and	  oligomerization	  domains,	  have	  still	  yielded	  invaluable	  insights	  into	  the	  structural	  basis	  of	  RNA	  binding	  and	  multimerization	  [13,	  20,	  21].	  In	  the	  crystal	  structures,	  the	  N-­‐terminal	  half	  of	  the	  Rev	  monomer	  adopts	  a	  helix-­‐loop-­‐helix	  structure	  with	  hydrophobic	  patches	  on	  opposite	  sides.	  Hydrophobic	  patches	  on	  one	  face	  contain	  residues	  that	  drive	  dimerization,	  whereas	  hydrophobic	  patches	  on	  the	  opposite	  face	  contain	  residues	  that	  mediate	  oligomerization	  (reviewed	  in	  [19,	  22]).	  Dimerization	  of	  HIV-­‐1	  Rev	  orients	  monomers	  in	  a	  ‘V’	  shape	  with	  an	  angle	  of	  120-­‐140˚	  and	  a	  distance	  of	  ~55Å	  between	  the	  distal	  ends	  (Figure	  1.6A)	  [20,	  21].	  Recent	  SAXS	  analysis	  [23]	  indicates	  that	  the	  HIV-­‐1	  RRE	  adopts	  an	  unusual	  topology	  resembling	  the	  letter	  ‘A,’	  with	  the	  ‘legs’	  forming	  Rev	  binding	  tracks	  (Figure	  1.6B).	  The	  'legs'	  are	  spaced	  ~55Å	  apart	  and	  appear	  to	  match	  the	  distance	  between	  the	  ARMs	  in	  an	  HIV-­‐1	  Rev	  dimer	  (Figure	  1.6C)[20,	  21,	  23].	  It	  is	  believed	  that	  the	  structural	  arrangement	  of	  Rev	  dimers	  combined	  with	  the	  complementary	  topology	  of	  the	  RRE	  dictates	  Rev-­‐RRE	  binding	  specificity	  and	  aids	  recognition	  of	  cognate	  RNA	  substrate	  from	  among	  an	  abundant	  pool	  of	  host	  RNAs	  [13,	  20,	  21,	  23].	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Figure	  1.	  6:	  HIV-­‐1	  Rev	  crystal	  structure	  and	  SAXS	  structure	  of	  the	  RRE	  A:	  Crystal	  structure	  of	  the	  ‘V’-­‐shaped	  HIV-­‐1	  Rev	  dimer	  showing	  an	  angle	  of	  120˚	  between	  the	  two	  monomers.	  Figure	  adapted	  from	  Daugherty	  et	  al.	  [59]	  B:	  Top:	  secondary	  structure	  of	  the	  HIV-­‐1	  Rev	  RRE	  showing	  the	  two	  high	  affinity	  binding	  sites,	  stem	  loop	  IIB	  (SLIIB,	  green	  circle)	  and	  stem	  loop	  IA	  (SLIA,	  blue	  circle).	  Bottom:	  SAXS-­‐derived	  structure	  of	  HIV-­‐1	  RRE,	  showing	  the	  distinct	  ‘A’-­‐shaped	  topology.	  Figure	  adapted	  from	  Fang	  et	  al	  [174].	  C:	  Proposed	  model	  of	  Rev-­‐RRE	  binding	  and	  assembly,	  based	  on	  experimentally	  derived	  HIV-­‐1	  Rev	  and	  RRE	  structures.	  The	  RRE	  is	  shown	  in	  red,	  with	  the	  two	  high	  affinity	  sites,	  SLIIB	  and	  SLIA,	  colored	  royal	  blue	  and	  lime	  green,	  respectively.	  Major	  grooves	  of	  the	  RRE	  RNA	  are	  colored	  light	  blue.	  The	  ‘V’-­‐shaped	  Rev	  dimer	  (yellow)	  is	  shown	  bound	  to	  the	  high	  affinity	  sites,	  SLIIB	  and	  SLIA,	  with	  the	  distance	  between	  the	  Rev	  dimer	  (~55å)	  corresponding	  to	  the	  distance	  between	  SLIIB	  and	  SLIA	  in	  the	  RRE	  structure.	  Initial	  binding	  is	  postulated	  to	  act	  as	  a	  nucleation	  event	  that	  drives	  further	  addition	  of	  Rev	  molecules	  along	  the	  RRE,	  constrained	  both	  by	  the	  major	  groove	  sites	  and	  the	  ‘legs’	  of	  the	  ‘A’-­‐shaped	  RRE.	  Figure	  from	  Fang	  et	  al	  [174].	  















complex,	  the	  arginine-­‐rich	  motif	  forms	  a	  highly	  ordered	  interface	  that	  interacts	  with	  the	  RNA,	  and	  on	  the	  opposite	  end,	  multiple	  NESs	  form	  a	  disordered	  interface	  that	  interact	  with	  Crm1.	  This	  model,	  termed	  the	  ‘jellyfish’	  model	  [59],	  is	  analogous	  to	  the	  overall	  shape	  of	  a	  jellyfish	  in	  which	  the	  highly	  structured	  ARM-­‐RRE	  interface	  of	  the	  complex	  resembles	  the	  dome	  of	  the	  jellyfish	  and	  the	  unstructured	  interface	  of	  NESs	  resembles	  flexible	  tentacles	  (Figure	  1.7).	  	  Obtaining	  experimental	  structures	  of	  Rev	  proteins	  is	  very	  challenging	  due	  to	  high	  tendencies	  of	  the	  protein	  to	  aggregate	  into	  insoluble	  fibers.	  In	  fact,	  HIV-­‐1	  Rev	  is	  the	  only	  Rev-­‐like	  protein	  for	  which	  crystal	  structures	  exist.	  Even	  so,	  the	  existing	  crystal	  structures	  contain	  only	  the	  N-­‐terminal	  half	  of	  the	  protein.	  The	  structural	  basis	  for	  RNA	  binding	  in	  other	  retroviral	  Rev-­‐like	  proteins	  remains	  unknown.	  In	  cases	  where	  experimental	  structure	  determination	  is	  intractable,	  computational	  methods	  of	  protein	  structure	  prediction	  presents	  a	  rational	  alternative	  and	  have	  become	  increasingly	  practical.	  Yung	  Ihm	  et	  al.	  [175]	  derived	  an	  initial	  structural	  model	  of	  EIAV	  Rev	  using	  an	  in-­‐house	  developed	  algorithm.	  This	  model	  suggested	  that	  EIAV	  Rev	  adopted	  a	  globular	  fold	  with	  ARM-­‐1	  and	  ARM-­‐2	  in	  close	  proximity,	  positioned	  to	  bind	  target	  RRE	  as	  a	  single	  RNA	  binding	  interface	  [175].	  Since	  then,	  more	  sophisticated	  methods	  of	  structure	  prediction	  and	  model	  quality	  assessment	  have	  been	  developed	  and	  provide	  improved	  opportunities	  for	  probing	  the	  structural	  basis	  of	  Rev	  function,	  as	  well	  as	  opening	  avenues	  for	  performing	  comparative	  studies	  of	  retroviral	  Rev-­‐like	  proteins	  as	  a	  whole.	  In	  addition	  to	  structure-­‐based	  methods	  for	  comparative	  analysis	  of	  Rev	  proteins,	  phylogenetic	  analyses	  also	  provide	  an	  excellent	  framework	  for	  understanding	  shared	  structural	  features	  across	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Rev-­‐like	  proteins	  and,	  importantly,	  can	  also	  yield	  insight	  into	  evolutionary	  histories	  and	  origin	  of	  Rev-­‐like	  proteins.	  
	  
Figure	  1.	  7:	  Jellyfish	  model	  of	  HIV-­‐1	  Rev	  mediated	  RNA	  export	  In	  this	  proposed	  model	  [59],	  6	  molecules	  of	  Rev	  oligomerizes	  along	  the	  RNA	  following	  initial	  interaction	  between	  Rev	  and	  the	  RRE.	  The	  Rev-­‐RRE	  complex	  then	  recruits	  Crm1.	  The	  disordered	  NES	  interface	  of	  the	  Rev-­‐RRE	  complex,	  which	  binds	  Crm1,	  is	  colored	  orange	  and	  resembles	  ‘tentacles’	  of	  a	  jellyfish,	  while	  the	  well-­‐ordered	  ARM-­‐RRE	  interface,	  on	  the	  opposite	  end,	  resembles	  the	  jellyfish	  ‘dome’.	  Figure	  from:	  http://en.wikipedia.org/wiki/HIV_Rev_response_element	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Protein	  structure	  prediction	  and	  model	  quality	  assessment	  	  There	  are	  four	  levels	  of	  protein	  structure:	  primary,	  secondary,	  tertiary,	  and	  quaternary.	  Primary	  structure	  describes	  the	  linear	  sequence	  of	  amino	  acids	  in	  the	  protein;	  secondary	  structure	  describes	  the	  locally	  repeating	  geometrical	  patterns	  in	  the	  protein;	  tertiary	  structure	  describes	  how	  the	  entire	  protein	  folds	  in	  three	  dimensional	  (3D)	  space;	  and	  quaternary	  structure	  describes	  how	  tertiary	  structure	  subunits	  of	  a	  protein	  interact	  to	  form	  higher-­‐order	  complexes,	  e.g.	  dimers,	  trimers,	  etc.	  Understanding	  how	  a	  protein	  functions	  at	  a	  molecular	  level	  requires	  knowledge	  of	  its	  3D	  structure.	  Experimentally	  solving	  the	  3D	  structure	  of	  a	  protein	  by	  x-­‐ray	  crystallography	  or	  NMR	  can	  yield	  inter-­‐atomic	  distances	  in	  a	  protein	  and	  provides	  the	  highest	  resolution	  currently	  possible.	  However,	  each	  experimental	  method	  of	  protein	  structure	  determination	  has	  its	  limitations:	  insoluble	  proteins	  are	  not	  amenable	  to	  either	  x-­‐ray	  crystallography	  or	  NMR,	  and	  current	  NMR	  methods	  cannot	  decipher	  the	  structure	  of	  proteins	  larger	  than	  ~50kDa.	  In	  the	  absence	  of	  experimental	  methods	  of	  determining	  protein	  structure,	  computational	  methods	  of	  structure	  prediction	  can	  provide	  useful	  information	  for	  interrogating	  protein	  structure/function	  relationships.	  	  Protein	  structure	  prediction	  has	  advanced	  considerably	  in	  recent	  years.	  This	  is	  mainly	  due	  to	  improved	  means	  of	  extracting	  structural	  information	  from	  rapidly	  growing	  protein	  databases,	  as	  well	  as	  the	  development	  of	  more	  accurate	  computational	  descriptions	  of	  protein	  energetics	  [176].	  Secondary	  structure	  prediction	  is	  fairly	  reliable,	  with	  accuracies	  of	  up	  to	  80%	  currently	  being	  obtained	  [177];	  residues	  can	  adopt	  one	  of	  four	  conformations:	  alpha	  helices,	  beta	  sheets,	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turns,	  and	  random	  coils.	  Each	  amino	  acid	  of	  a	  polypeptide	  chain	  comprises	  a	  backbone	  and	  a	  side	  chain.	  Hydrogen	  bonding	  between	  the	  backbone	  oxygen	  and	  amide	  (NH3)	  hydrogen	  atoms	  is	  the	  major	  determinant	  of	  secondary	  structure.	  Regular	  occurring	  hydrogen	  bonding	  between	  residues	  i	  and	  i	  +	  4	  of	  a	  polypeptide	  chain	  results	  in	  the	  canonical	  alpha	  helix,	  while	  hydrogen	  bonding	  between	  alternating	  strands	  of	  a	  polypeptide	  chain	  results	  in	  beta	  sheets	  [178].	  Secondary	  structures	  can	  also	  combine	  to	  form	  supersecondary	  structures,	  or	  motifs	  [179].	  Coiled-­‐coil	  motifs	  are	  arguably	  the	  most	  characterized	  supersecondary	  structure	  and	  consist	  of	  alpha	  helices	  wrapped	  around	  each	  other	  in	  characteristic	  ”knob	  into	  holes”	  packing	  [180].	  Coiled-­‐coil	  sequences	  consist	  of	  heptad	  repeats,	  denoted	  (abcdefg)n.	  Each	  repeat	  comprises	  hydrophobic	  and	  hydrophilic	  residues,	  with	  hydrophobic	  residues	  primarily	  residing	  in	  the	  ‘a’	  and	  ‘d’	  registers	  of	  the	  heptad	  [181].	  Prediction	  of	  coiled-­‐coils	  is	  also	  fairly	  reliable	  as	  this	  motif	  has	  been	  extensively	  characterized	  both	  experimentally	  and	  computationally	  [182].	  	  Prediction	  of	  tertiary	  structure	  is	  significantly	  more	  difficult	  than	  secondary	  structure	  prediction.	  Although,	  it	  is	  widely	  believed	  that	  all	  the	  information	  needed	  for	  a	  protein	  to	  adopt	  its	  native	  state	  is	  contained	  within	  its	  primary	  sequence,	  correctly	  predicting	  how	  a	  protein	  folds	  from	  sequence	  alone	  remains	  an	  unsolved	  problem	  [183].	  Presently,	  there	  are	  three	  basic	  methods	  of	  predicting	  the	  tertiary	  structure	  of	  a	  protein.	  Two	  of	  these	  methods,	  homology	  and	  threading	  exploit	  the	  fact	  that	  despite	  an	  astronomical	  number	  of	  possible	  protein	  sequences,	  there	  seems	  to	  be	  a	  finite	  number	  of	  folds	  [184,	  185].	  Therefore,	  the	  key	  is	  to	  identify	  a	  template	  whose	  structure	  corresponds	  to	  the	  sequence	  of	  interest.	  The	  third	  method,	  de	  novo	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or	  ab	  initio,	  models	  the	  entire	  structure	  of	  a	  sequence	  of	  interest	  from	  scratch	  without	  the	  explicit	  use	  of	  a	  template	  structure.	  	  Homology	  and	  threading	  methods	  rely	  on	  identifying	  a	  previously	  solved	  structure	  with	  a	  fold	  similar	  to	  the	  sequence	  of	  interest	  and	  using	  that	  as	  a	  template	  for	  modeling.	  These	  two	  methods	  are	  sometimes	  collectively	  referred	  to	  as	  template-­‐based	  modeling.	  The	  difference	  between	  the	  two	  lies	  in	  the	  strategy	  of	  identifying	  a	  template.	  Homology	  methods	  identify	  a	  template	  based	  on	  sequence	  similarity.	  If	  a	  structure	  with	  sequence	  similarity	  >30%	  to	  the	  target	  sequence	  is	  available,	  then	  a	  reliable	  structural	  model	  is	  generally	  guaranteed	  [186].	  This	  is	  due	  to	  the	  observation	  that	  structure	  is	  well	  conserved	  even	  between	  highly	  divergent	  sequences	  [187].	  However,	  there	  is	  a	  limit	  to	  structure	  conservation	  despite	  sequence	  divergence.	  A	  landmark	  large-­‐scale	  analysis	  of	  pairwise	  sequence	  alignment	  of	  proteins	  with	  known	  structures	  revealed	  that,	  in	  general,	  as	  sequence	  similarity	  approaches	  and	  falls	  below	  30%,	  the	  two	  pairs	  of	  structures	  become	  significantly	  different	  [188].	  	  Threading	  methods	  exploit	  the	  observation	  that	  unrelated	  sequences	  can	  adopt	  similar	  structures;	  therefore,	  homology	  is	  not	  absolutely	  required	  to	  predict	  structure.	  	  By	  analyzing	  the	  interaction	  preferences	  between	  amino	  acids	  of	  known	  protein	  structures,	  one	  can	  calculate	  a	  potential	  for	  replacing	  any	  residue	  in	  a	  template	  structure	  with	  residues	  from	  a	  target	  sequence.	  Using	  this	  scheme,	  threading	  algorithms	  attempt	  to	  identify	  structures	  with	  folds	  similar	  to	  the	  target	  irrespective	  of	  sequence	  similarity.	  To	  achieve	  this,	  the	  algorithm	  conceptually	  ‘threads’	  the	  target	  sequence	  against	  a	  given	  experimentally	  solved	  structure	  and	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calculates	  the	  score	  of	  replacing	  residues	  on	  the	  template	  with	  residues	  of	  the	  target	  [189].	  Threading	  algorithms	  also	  incorporate	  secondary	  structure,	  and	  solvent	  accessibility	  factors	  [190].	  These	  methods	  can	  be	  useful	  in	  cases	  where	  a	  homologous	  template	  is	  not	  immediately	  obvious;	  however,	  if	  the	  fold	  of	  a	  template	  is	  incorrectly	  mapped	  to	  the	  target	  sequence	  then	  the	  resulting	  model	  is	  not	  very	  useful.	  Furthermore,	  if	  a	  structure	  with	  similar	  fold	  to	  the	  target	  is	  not	  available,	  then	  threading	  methods	  will	  not	  work	  [191,	  192].	  Recent	  developments	  of	  threading	  methods	  utilize	  target-­‐template	  multiple	  alignments	  instead	  of	  threading	  the	  target	  against	  a	  single	  template	  [193,	  194].	  In	  recent	  years,	  I-­‐TASSER	  has	  consistently	  been	  the	  highest	  ranked	  threading-­‐based	  server	  [194–196].	  
Ab-­‐initio	  methods	  model	  the	  structure	  of	  a	  target	  sequence	  from	  a	  predefined	  energy	  function	  instead	  of	  a	  protein	  template.	  The	  energy	  function	  attempts	  to	  simulate	  the	  process	  that	  drives	  a	  sequence	  to	  fold	  into	  its	  native	  structure.	  The	  energy	  function	  scores	  the	  possible	  conformations	  that	  atoms	  of	  a	  given	  sequence	  can	  adopt,	  and	  from	  this	  conformational	  space	  an	  ensemble	  of	  structures,	  known	  as	  structural	  decoys,	  is	  generated.	  Top	  models	  are	  then	  selected	  from	  the	  pool	  of	  decoys.	  The	  success	  of	  an	  ab-­‐initio	  method	  depends	  largely	  on	  its	  underlying	  energy	  function	  and	  its	  ability	  to	  effectively	  identify	  native-­‐like	  conformations	  from	  the	  ensemble	  of	  decoys	  [197].	  There	  are	  two	  main	  types	  of	  energy	  functions	  currently	  in	  use	  by	  the	  ab-­‐initio	  community:	  physics-­‐based	  and	  knowledge/statistics-­‐based	  functions.	  The	  latter	  are	  derived	  from	  physicochemical	  and	  statistical	  potentials	  of	  experimentally	  solved	  structures	  while	  the	  former	  are	  based	  on	  physical	  measurements	  of	  small	  molecule	  crystals	  and	  solvation	  potentials	  [198].	  Knowledge	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based	  methods	  are	  the	  more	  widely	  used	  method	  and	  are	  implemented	  using	  a	  fragment	  assembly	  protocol.	  The	  fundamental	  premise	  underlying	  the	  fragment	  assembly	  method	  is	  that	  the	  fold	  of	  appropriately	  chosen	  subsequences	  of	  a	  target	  sequence	  already	  exists	  in	  the	  realm	  of	  all	  solved	  protein	  structure	  [199,	  200].	  The	  method	  then	  begins	  by	  fragmenting	  a	  target	  sequence	  into	  overlapping	  subsequences	  of	  lengths	  usually	  between	  3	  and	  10	  amino	  acids	  [201,	  202].	  An	  ensemble	  of	  structures	  for	  each	  of	  these	  subsequences	  is	  generated	  from	  an	  extensive	  fragment	  library	  of	  unrelated	  experimental	  structures	  (based	  on	  a	  predefined	  sequence	  identity	  cutoff,	  usually	  ~25%	  [202]).	  The	  “ab	  initio”	  part	  of	  this	  method	  actually	  arises	  in	  combining	  this	  ensemble	  of	  predicted	  fragment	  structures	  into	  composite	  models.	  At	  present,	  the	  most	  successful	  fragment	  assembly	  servers	  are	  the	  ROBETTA	  and	  QUARK	  servers	  [196,	  201,	  202].	  	  	  It	  is	  helpful	  to	  have	  an	  independent	  means	  of	  scoring	  structural	  models	  from	  different	  servers	  to	  deduce	  which	  ones	  are	  most	  likely	  correct.	  Given	  a	  structure,	  model	  quality	  assessment	  programs	  generate	  a	  score	  in	  the	  range	  0-­‐1	  that	  describes	  how	  likely	  a	  given	  model	  represents	  the	  native	  state	  of	  the	  protein.	  In	  general,	  there	  are	  two	  methods	  of	  model	  quality	  assessment:	  consensus	  based	  methods	  and	  single	  model	  methods.	  Single	  model	  methods	  base	  their	  analyses	  on	  properties	  of	  a	  single	  model.	  Properties	  analyzed	  include	  stereo-­‐chemical	  and	  geometrical	  characteristics;	  local	  and	  global	  secondary	  structural	  features,	  and	  statistical	  potentials	  [203–207].	  Consensus	  methods	  base	  their	  selection	  on	  models	  that	  occur	  most	  frequently	  in	  a	  pool	  of	  submitted	  models.	  In	  general,	  consensus	  methods	  outperform	  single	  model	  methods.	  However,	  a	  large	  sample	  of	  target	  models	  (>100)	  is	  generally	  required	  for	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reliable	  accuracy.	  Also,	  this	  method	  usually	  selects	  less	  accurate	  models.in	  cases	  where	  there	  is	  no	  clear	  consensus,	  i.e.	  a	  single	  model	  topology	  is	  not	  frequently	  observed	  among	  the	  pool	  of	  submitted	  models.	  Thus,	  this	  method	  cannot	  be	  applied	  to	  single	  structures	  or	  in	  cases	  where	  one	  has	  a	  small	  set	  of	  models	  [208,	  209].	  	  
Current	  phylogenetic	  reconstruction	  strategies	  	  Phylogenetic	  trees	  describe	  inferred	  evolutionary	  relationships	  between	  organisms.	  All	  methods	  for	  molecular	  data	  depend	  on	  implicit	  or	  explicit	  mathematical	  models	  describing	  the	  evolution	  of	  aligned	  nucleotide	  or	  amino	  acid	  sequence	  characters.	  The	  signal	  used	  in	  phylogenetic	  inference	  of	  evolutionary	  relationships	  is	  homology,	  which	  describes	  the	  state	  of	  being	  similar	  because	  of	  descent,	  usually	  with	  divergence,	  from	  a	  common	  ancestral	  character.	  Phylogenetic	  trees	  provide	  a	  framework	  for	  performing	  comparative	  studies	  of	  homologous	  proteins,	  for	  example,	  from	  a	  common	  family.	  In	  the	  past,	  distance-­‐matrix	  methods	  such	  as	  neighbor	  joining	  were	  widely	  used	  to	  infer	  phylogeny	  [210].	  These	  methods	  have	  been	  largely	  replaced	  by	  more	  sophisticated	  tree	  estimation	  methods,	  particularly,	  Bayesian	  and	  maximum	  likelihood	  inference	  methods	  [211–216].	  	  The	  maximum	  likelihood	  method	  maximizes	  the	  probability	  of	  observing	  a	  sequence	  alignment,	  given	  the	  evolution	  parameter,	  θ,	  over	  all	  possible	  choices	  of	  θ.	  Bayesian	  inference	  focuses	  on	  the	  joint	  density	  of	  the	  parameters	  given	  the	  data,	  i.e.	  the	  posterior	  density.	  Evolutionary	  parameters,	  which	  typically	  include	  a	  discrete	  topology	  and	  independent	  branch	  lengths,	  are	  treated	  as	  random	  variables,	  while	  sequence	  observations	  are	  used	  to	  update	  prior	  densities	  to	  posterior	  densities.	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Markov	  chain	  Monte	  Carlo	  algorithms	  (MCMC),	  a	  numerical	  approximation	  method,	  estimate	  the	  posterior	  distribution	  by	  sampling	  parameter	  values	  from	  the	  posterior	  density	  [217].	  This	  is	  particularly	  useful	  because	  an	  exhaustive	  description	  of	  the	  posterior	  distribution	  is	  computationally	  impractical.	  ,	  Molecular	  evolution	  is	  simulated	  at	  the	  amino	  acid	  or	  nucleotide	  level	  using	  a	  substitution	  model	  (which	  introduces	  additional	  evolutionary	  rate	  parameters).	  The	  marginal	  distributions	  of	  parameters	  of	  interest	  are	  then	  extracted	  from	  estimated	  joint	  posterior	  distributions,	  and	  a	  majority	  consensus	  tree	  is	  obtained	  from	  summarizing	  all	  sampled	  topologies.	  Finally,	  the	  split	  frequencies	  from	  the	  set	  of	  all	  topologies	  are	  taken	  as	  the	  posterior	  probabilities	  of	  clades,	  which	  provide	  a	  measure	  of	  confidence	  in	  the	  inferred	  phylogenetic	  tree	  [210].	  	  	  
Overall	  Goals	  Experimentally	  characterizing	  the	  structure	  of	  Rev-­‐like	  proteins	  is	  difficult	  due	  to	  high	  aggregation	  tendencies.	  A	  founding	  hypothesis	  of	  this	  work	  is	  that	  current	  computational	  methods	  of	  protein	  structure	  prediction	  and	  assessment	  can	  complement	  available	  empirical	  approaches	  to	  uncover	  structural	  features	  required	  for	  Rev	  function.	  Furthermore,	  comparative	  studies	  of	  the	  entire	  family	  of	  retroviral	  Rev-­‐like	  proteins	  may	  yield	  important	  insight	  into	  structure/function	  relationships	  and	  evolutionary	  histories.	  As	  such,	  this	  dissertation	  sought	  to	  integrate	  computational	  and	  experimental	  approaches,	  in	  a	  comparative	  framework,	  to	  uncover	  structural	  features	  that	  could	  play	  important	  roles	  in	  the	  function	  and	  evolution	  of	  retroviral	  Rev-­‐like	  proteins.	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Background:	  The	  lentiviral	  Rev	  protein	  mediates	  nuclear	  export	  of	  intron-­‐containing	  viral	  RNAs	  that	  encode	  structural	  proteins	  or	  serve	  as	  the	  viral	  genome.	  Following	  translation,	  HIV-­‐1	  Rev	  localizes	  to	  the	  nucleus	  and	  binds	  its	  cognate	  sequence,	  termed	  the	  Rev-­‐responsive	  element	  (RRE),	  in	  incompletely	  spliced	  viral	  RNA.	  Rev	  subsequently	  multimerizes	  along	  the	  viral	  RNA	  and	  associates	  with	  the	  cellular	  Crm1	  export	  machinery	  to	  translocate	  the	  RNA-­‐protein	  complex	  to	  the	  cytoplasm.	  Equine	  infectious	  anemia	  virus	  (EIAV)	  Rev	  is	  functionally	  homologous	  to	  HIV-­‐1	  Rev,	  but	  shares	  very	  little	  sequence	  similarity	  and	  differs	  in	  domain	  organization.	  EIAV	  Rev	  also	  contains	  a	  bipartite	  RNA	  binding	  domain	  comprising	  two	  short	  arginine-­‐rich	  motifs	  (designated	  ARM-­‐1	  and	  ARM-­‐2)	  spaced	  79	  residues	  apart	  in	  the	  amino	  acid	  sequence.	  To	  gain	  insight	  into	  the	  topology	  of	  the	  bipartite	  RNA	  binding	  domain,	  a	  computational	  approach	  was	  used	  to	  model	  the	  tertiary	  structure	  of	  EIAV	  Rev.	  	  
Results:	  The	  tertiary	  structure	  of	  EIAV	  Rev	  was	  modeled	  using	  several	  protein	  structure	  prediction	  and	  model	  quality	  assessment	  servers.	  Two	  types	  of	  structures	  were	  predicted:	  an	  elongated	  structure	  with	  an	  extended	  central	  alpha	  helix,	  and	  a	  globular	  structure	  with	  a	  central	  bundle	  of	  helices.	  Assessment	  of	  models	  on	  the	  basis	  of	  biophysical	  properties	  indicated	  they	  were	  of	  average	  quality.	  In	  almost	  all	  models,	  ARM-­‐1	  and	  ARM-­‐2	  were	  spatially	  separated	  by	  >15Å,	  suggesting	  that	  they	  do	  not	  form	  a	  single	  RNA	  binding	  interface	  on	  the	  monomer.	  A	  highly	  conserved	  canonical	  coiled-­‐coil	  motif	  was	  identified	  in	  the	  central	  region	  of	  EIAV	  Rev,	  suggesting	  that	  an	  RNA	  binding	  interface	  could	  be	  formed	  through	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dimerization	  of	  Rev	  and	  juxtaposition	  of	  ARM-­‐1	  and	  ARM-­‐2.	  In	  support	  of	  this,	  purified	  Rev	  protein	  migrated	  as	  a	  dimer	  in	  blue	  native	  gels,	  and	  mutation	  of	  a	  residue	  predicted	  to	  form	  a	  key	  coiled-­‐coil	  contact	  disrupted	  dimerization	  and	  abrogated	  RNA	  binding.	  	  In	  contrast,	  mutation	  of	  residues	  outside	  the	  predicted	  coiled-­‐coil	  interface	  had	  no	  effect	  on	  dimerization	  or	  RNA	  binding.	  	  	  
Conclusions:	  Our	  results	  suggest	  that	  EIAV	  Rev	  binding	  to	  the	  RRE	  requires	  dimerization	  via	  a	  coiled-­‐coil	  motif	  to	  juxtapose	  two	  RNA	  binding	  motifs,	  ARM-­‐1	  and	  ARM-­‐2.	  	  
Keywords:	  Rev,	  bipartite	  RNA	  binding	  domain,	  EIAV,	  lentivirus,	  dimerization,	  coiled-­‐coil	  motif,	  arginine-­‐rich	  motif.	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Background	  The	  Rev	  protein	  of	  lentiviruses	  mediates	  nuclear	  export	  of	  singly	  spliced	  and	  unspliced	  viral	  RNA	  transcripts.	  HIV-­‐1	  Rev	  binds	  its	  target	  RNA,	  the	  Rev	  responsive	  element	  (RRE),	  as	  a	  monomer,	  then	  multimerizes	  along	  the	  RRE	  RNA	  before	  being	  shuttled	  to	  the	  cytoplasm	  through	  association	  with	  the	  Crm1	  host	  export	  factor.	  Several	  well-­‐characterized	  motifs	  mediate	  known	  functions	  of	  HIV-­‐1	  Rev:	  	  a	  nuclear	  localization	  signal	  (NLS),	  which	  overlaps	  an	  RNA-­‐binding	  arginine-­‐rich	  motif	  (ARM);	  a	  nuclear	  export	  signal;	  and	  a	  pair	  of	  oligomerization	  domains	  that	  flank	  the	  ARM	  (reviewed	  in	  [1]).	  	  	   RNA	  recognition	  by	  HIV-­‐1	  Rev	  is	  mediated	  by	  a	  17-­‐residue	  long	  ARM	  that	  adopts	  an	  alpha-­‐helical	  conformation	  and	  initially	  docks	  into	  the	  major	  groove	  of	  a	  highly	  structured	  region	  in	  the	  HIV-­‐1	  RRE,	  termed	  stem	  loop	  IIB	  (SLIIB)	  [2-­‐6].	  Biochemical	  and	  biophysical	  studies	  have	  revealed	  that	  HIV-­‐1	  Rev	  oligomerizes	  [7,8]	  and	  that	  monomeric,	  dimeric,	  and	  higher-­‐order	  oligomeric	  forms	  associate	  with	  the	  RRE	  [9-­‐12].	  These	  and	  subsequent	  studies	  [13]	  have	  shown	  that	  HIV-­‐1	  Rev	  binding	  to	  the	  RRE	  is	  a	  stepwise	  process:	  initial	  binding	  of	  Rev	  to	  SLIIB	  acts	  as	  a	  nucleation	  event	  that	  drives	  further	  oligomerization	  of	  additional	  copies	  of	  Rev	  along	  the	  RRE	  (reviewed	  in	  [14]).	  Although,	  monomeric	  HIV-­‐1	  Rev	  has	  been	  shown	  to	  bind	  the	  RRE	  in	  gel	  shift,	  filter	  binding,	  and	  single	  molecule	  fluorescence	  spectroscopy	  assays	  [9,12,20,64],	  studies	  of	  the	  tertiary	  structure	  of	  HIV-­‐1	  Rev	  and	  the	  RRE	  suggest	  that	  the	  “fundamental	  building	  block”	  for	  RRE	  binding	  is	  a	  Rev	  dimer	  [20,23].	  Both	  dimeric	  (head-­‐to-­‐head)	  contacts	  and	  higher-­‐order	  oligomeric	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(tail-­‐to-­‐tail)	  intermolecular	  contacts	  are	  critical	  for	  Rev-­‐mediated	  RNA	  export	  [12,15-­‐19].	  	  	   NMR	  studies	  of	  HIV-­‐1	  Rev	  revealed	  that	  the	  C-­‐terminal	  half	  of	  the	  protein	  is	  intrinsically	  disordered	  [13];	  however,	  crystal	  structures	  of	  the	  N-­‐terminal	  half	  of	  HIV-­‐1	  Rev,	  including	  the	  ARM	  and	  oligomerization	  motifs,	  have	  provided	  valuable	  insights	  into	  the	  structural	  basis	  of	  RNA	  binding	  and	  multimerization	  [13,20,21].	  In	  the	  crystal	  structures,	  the	  N-­‐terminal	  half	  of	  the	  Rev	  monomer	  adopts	  a	  helix-­‐loop-­‐helix	  structure	  with	  hydrophobic	  patches	  on	  opposite	  surfaces.	  Hydrophobic	  patches	  on	  one	  surface	  contain	  residues	  that	  drive	  dimerization,	  whereas	  hydrophobic	  patches	  on	  the	  opposite	  surface	  contain	  residues	  that	  mediate	  oligomerization	  (reviewed	  in	  [19,22]).	  Dimerization	  of	  HIV-­‐1	  Rev	  orients	  monomers	  in	  a	  ‘V’	  shape	  with	  an	  angle	  of	  120-­‐140˚	  and	  a	  distance	  of	  ~55Å	  between	  the	  distal	  ends	  [20,21].	  Recent	  SAXS	  analysis	  [23]	  indicates	  that	  the	  HIV-­‐1	  RRE	  adopts	  an	  unusual	  topology	  resembling	  the	  letter	  ‘A,’	  with	  the	  ‘legs’	  forming	  Rev	  binding	  tracks.	  The	  'legs'	  are	  spaced	  ~55Å	  apart	  and	  appear	  to	  match	  the	  distance	  between	  the	  ARMs	  in	  an	  HIV-­‐1	  Rev	  dimer	  [20,21,23].	  Although,	  Rev	  monomers	  can	  bind	  the	  HIV-­‐1	  RRE,	  it	  is	  believed	  that	  the	  specific	  structural	  arrangement	  of	  Rev	  dimers	  combined	  with	  the	  complementary	  topology	  of	  the	  RRE	  dictates	  Rev-­‐RRE	  binding	  specificity	  and	  aids	  recognition	  of	  cognate	  RNA	  substrate	  from	  among	  an	  abundant	  pool	  of	  host	  RNAs	  [13,20,21,23].	  Equine	  infectious	  anemia	  virus	  (EIAV)	  Rev	  is	  functionally	  homologous	  to	  HIV-­‐1	  Rev,	  but	  shares	  very	  little	  sequence	  similarity	  and	  differs	  in	  domain	  organization	  (reviewed	  in	  [24]).	  We	  previously	  identified	  a	  bipartite	  RNA	  binding	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domain	  in	  EIAV	  Rev	  that	  contains	  two	  short	  arginine-­‐rich	  motifs	  (designated	  ARM-­‐1	  and	  ARM-­‐2)	  spaced	  79	  amino	  acids	  apart	  in	  the	  primary	  sequence	  [25].	  ARM-­‐1	  is	  located	  in	  the	  central	  region	  of	  the	  protein	  while	  ARM-­‐2	  resides	  at	  the	  C-­‐terminus	  and	  also	  functions	  as	  an	  NLS.	  It	  is	  possible	  that	  ARM-­‐1	  and	  ARM-­‐2	  are	  in	  close	  proximity	  in	  the	  Rev	  monomer,	  forming	  a	  single	  RNA-­‐binding	  interface.	  Alternately,	  ARM-­‐1	  and	  ARM-­‐2	  could	  each	  bind	  different	  sites	  on	  the	  RRE	  RNA.	  RNA	  footprinting	  and	  chemical	  modification	  experiments	  have	  shown	  that	  the	  RRE	  target	  of	  EIAV	  Rev	  contains	  two	  Rev	  binding	  regions	  (designated	  RBR-­‐1	  and	  RBR-­‐2)	  that	  undergo	  conformational	  changes	  in	  the	  presence	  of	  EIAV	  Rev	  [26].	  RBR-­‐1	  encompasses	  the	  minimal	  RRE	  sequence,	  which	  overlaps	  a	  characterized	  exonic	  splicing	  enhancer	  [27-­‐29],	  while	  RBR-­‐2	  is	  necessary	  for	  high-­‐affinity	  Rev	  binding	  in	  vitro	  [26].	  Insight	  as	  to	  how	  the	  bipartite	  RNA	  binding	  domain	  interacts	  with	  the	  RRE	  target	  requires	  knowledge	  of	  the	  tertiary	  structure	  of	  EIAV	  Rev	  and	  relative	  positioning	  of	  ARM-­‐1	  and	  ARM-­‐2	  in	  the	  folded	  protein.	  Obtaining	  high-­‐resolution	  structures	  of	  Rev	  proteins	  has	  proven	  very	  challenging	  due	  to	  the	  tendency	  of	  Rev	  to	  spontaneously	  aggregate	  into	  insoluble	  filaments	  in	  solution	  [7-­‐9].	  Computational	  modeling	  of	  the	  EIAV	  Rev	  structure	  has	  been	  challenging,	  also,	  because	  the	  amino	  acid	  sequence	  similarity	  between	  HIV-­‐1	  Rev	  and	  EIAV	  Rev	  is	  almost	  undetectable	  [30].	  Thus,	  it	  is	  not	  possible	  to	  simply	  use	  the	  available	  experimental	  structures	  of	  HIV-­‐1	  Rev	  as	  templates	  for	  homology	  modeling	  of	  non-­‐primate	  Rev	  proteins.	  Recent	  progress	  in	  ab	  initio	  and	  threading	  methods	  for	  structure	  prediction,	  however,	  has	  provided	  a	  viable	  platform	  for	  modeling	  structures	  of	  proteins	  that	  have	  proven	  difficult	  to	  characterize	  experimentally	  [31-­‐39].	  	  
 58 
The	  first	  proposed	  structural	  model	  for	  EIAV	  Rev	  suggested	  that	  ARM-­‐1	  and	  ARM-­‐2	  are	  juxtaposed	  to	  form	  a	  single	  RNA	  binding	  interface	  on	  the	  monomer	  structure	  [30].	  In	  the	  present	  study,	  newer	  and	  more	  accurate	  structural	  modeling	  approaches	  were	  employed	  to	  predict	  the	  topology	  and	  relative	  orientation	  of	  ARM-­‐1	  and	  ARM-­‐2	  within	  the	  overall	  structure	  of	  EIAV	  Rev.	  Our	  results	  suggest	  that	  ARM-­‐1	  and	  ARM-­‐2	  do	  not	  form	  a	  single	  RNA	  binding	  interface	  within	  a	  single	  Rev	  monomer.	  Instead,	  our	  computational	  analyses,	  supported	  by	  experimental	  data,	  suggest	  that	  dimerization	  of	  Rev	  is	  a	  prerequisite	  for	  RNA	  binding.	  Thus,	  dimerization	  of	  EIAV	  Rev	  may	  be	  required	  to	  juxtapose	  ARMs	  from	  two	  Rev	  monomers	  so	  that	  they	  form	  a	  single	  functional	  RNA	  binding	  domain	  that	  recognizes	  the	  EIAV	  RRE.	  	  
	  
Results	  
Generation	  of	  Rev	  structural	  models	  A	  computational	  approach	  was	  employed	  to	  model	  the	  tertiary	  structure	  of	  EIAV	  Rev	  and	  obtain	  insight	  into	  the	  topology	  of	  the	  bipartite	  RNA	  binding	  domain.	  Because	  EIAV	  Rev	  is	  highly	  variable	  in	  sequence	  and	  contains	  non-­‐essential	  regions	  (reviewed	  in	  [40]),	  our	  analyses	  included	  deletion	  mutants	  as	  well	  as	  a	  divergent	  Rev	  variant	  (Figure	  2.1).	  Rev165	  is	  the	  full-­‐length	  sequence	  of	  the	  R1	  variant	  derived	  from	  the	  EIAVWyo2078	  field	  isolate	  [41];	  Rev135	  contains	  an	  N-­‐terminal	  deletion	  of	  R1	  encompassing	  all	  of	  exon	  1,	  while	  Rev∆HVR	  contains	  a	  13-­‐amino-­‐acid	  deletion	  in	  the	  hypervariable	  region,	  located	  in	  the	  C-­‐terminal	  half	  of	  the	  protein	  [25,42].	  Rev135	  and	  Rev∆HVR	  are	  functionally	  equivalent	  to	  Rev165	  in	  in	  vitro	  
 59 
assays	  of	  nuclear	  export	  activity	  [25].	  RevFDD	  is	  from	  the	  fetal	  donkey	  dermal	  cell-­‐adapted	  Chinese	  isolate	  EIAVFDD-­‐10	  [43].	  FDD	  Rev	  and	  Rev165	  differ	  at	  54	  positions	  across	  the	  length	  of	  the	  protein	  (Figure	  2.1B),	  demonstrating	  marked	  variation	  in	  primary	  amino	  acid	  sequence.	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Table	  2:	  Computational	  prediction	  of	  Rev	  structural	  models	  EIAV	  Rev	  Sequence	   Computational	  Method	   	  Server	   Topology	  of	  Models	   	  Total	  Elongateda	   Globularb	   Unstructuredc	  Rev165	  	   Ab	  initio	   QUARK	   20	   0	   0	   20	  Threading	   ITASSER	   16	   14	   0	   30	  LOMETS	   6	   4	   10	   20	  Homology	   PROTINFO	   0	   6	   2	   8	  
Rev135	   Ab	  initio	   QUARK	   28	   0	   0	   28	  Threading	   ITASSER	   7	   17	   1	   25	  LOMETS	   3	   9	   8	   20	  Homology	   PROTINFO	   0	   1	   3	   4	  	  Rev∆HVR	   Ab	  initio	   QUARK	   19	   1	   0	   20	  Threading	   ITASSER	   4	   16	   0	   20	  LOMETS	   3	   8	   9	   20	  RevFDD	   Ab	  initio	   QUARK	   10	   0	   0	   10	  Threading	   ITASSER	   5	   5	   0	   10	  Totals	   121	   81	   33	   235	  a	  Elongated:	  models	  with	  an	  unbroken	  extended	  alpha	  helix	  in	  the	  central	  region	  
b	  Globular:	  models	  with	  kinks	  in	  the	  central	  region	  
c	  Unstructured:	  models	  with	  an	  unfolded	  topology	  or	  missing	  C-­‐terminal	  residues	  encompassing	  ARM-­‐2	   A	  total	  of	  235	  computational	  models	  were	  generated	  using	  several	  state-­‐of-­‐the-­‐art	  protein	  structure	  prediction	  servers	  that	  implement	  different	  algorithms	  (Table	  2).	  These	  include	  the	  QUARK	  server,	  which	  implements	  an	  ab	  initio	  algorithm	  [35,36];	  the	  ITASSER	  and	  LOMETS	  servers,	  which	  implement	  threading-­‐based	  algorithms	  [33],	  [44];	  and	  the	  PROTINFO	  server,	  which	  implements	  an	  homology	  modeling	  algorithm	  [45].	  Examination	  of	  the	  predicted	  models	  revealed	  significant	  variation	  in	  their	  overall	  shapes	  (Table	  2):	  53%	  of	  the	  Rev165	  models	  had	  an	  elongated	  topology,	  32%	  had	  a	  globular	  topology,	  and	  15%	  were	  either	  unfolded	  and/or	  truncated.	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Figure	  2.	  2:	  Comparison	  of	  model	  quality	  scores	  for	  EIAV	  Rev	  elongated	  and	  globular	  models	  Quality	  assessment	  scores	  for	  all	  Rev	  models	  were	  obtained	  using	  QMEAN	  [46,47]	  and	  ProQ2	  [48].	  Each	  graph	  shows	  the	  distribution	  of	  model	  quality	  scores	  for	  elongated	  models	  (black	  circles)	  versus	  globular	  models	  (grey	  circles)	  for	  the	  indicated	  Rev	  protein	  sequence.	  Quality	  scores	  range	  from	  0	  (worst)	  to	  1	  (best)	  for	  both	  QMEAN	  and	  ProQ2.	  Note	  that	  most	  models	  are	  of	  “average”	  quality	  (0.4-­‐0.6).	  The	  score	  distributions	  for	  elongated	  and	  globular	  models	  displayed	  considerable	  overlap,	  although	  elongated	  models	  tended	  to	  have	  higher	  scores.	  	  	  
Figur '2'
























































Models	  generated	  for	  Rev135,	  Rev∆HVR,	  and	  RevFDD	  also	  showed	  elongated	  and	  globular	  topologies,	  in	  proportions	  comparable	  to	  those	  for	  Rev165.	  The	  topology	  of	  models	  obtained	  depended,	  in	  part,	  on	  the	  method	  of	  structure	  prediction:	  the	  QUARK	  ab	  initio	  server	  predominately	  yielded	  elongated	  topologies,	  whereas	  homology	  servers	  generated	  exclusively	  globular	  topologies.	  A	  mixture	  of	  elongated	  and	  globular	  topologies	  was	  generated	  by	  the	  ITASSER	  and	  LOMETS	  threading	  servers.	  
	  
Assessment	  and	  structural	  features	  of	  Rev	  models	  The	  quality	  of	  generated	  models	  was	  assessed	  using	  the	  QMEAN	  and	  ProQ2	  model	  quality	  assessment	  programs	  [46-­‐48]	  (see	  Additional	  file	  2.1).	  These	  programs	  evaluate	  the	  physicochemical	  and	  structural	  features	  of	  a	  given	  model	  by	  comparison	  with	  those	  of	  known	  experimental	  structures.	  Both	  programs	  generate	  a	  score	  in	  the	  range	  0-­‐1,	  with	  1	  signifying	  the	  highest	  possible	  quality	  score.	  The	  calculated	  QMEAN	  score	  for	  each	  model	  was	  plotted	  against	  its	  corresponding	  ProQ2	  score	  and	  the	  distribution	  of	  model	  quality	  scores	  for	  each	  Rev	  sequence	  analyzed	  is	  shown	  in	  Figure	  2.2.	  The	  majority	  of	  models	  have	  QMEAN	  and	  ProQ2	  scores	  ~0.5,	  indicating	  most	  are	  of	  average	  quality.	  Although	  the	  elongated	  models	  generally	  scored	  higher	  than	  globular	  models,	  the	  overlap	  in	  quality	  scores	  precluded	  selection	  of	  a	  single	  preferred	  tertiary	  topology.	  	  Key	  structural	  features	  in	  EIAV	  Rev	  elongated	  and	  globular	  models	  were	  identified	  by	  visual	  inspection	  using	  PyMol	  software	  [49].	  Figure	  2.3A	  shows	  representative	  examples	  of	  the	  top	  ranking	  elongated	  and	  globular	  models	  for	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Rev165,	  Rev135,	  Rev∆HVR,	  and	  RevFDD.	  A	  distinguishing	  structural	  feature	  common	  to	  virtually	  all	  elongated	  models	  was	  an	  extended	  alpha	  helix	  in	  the	  central	  region	  of	  the	  protein.	  In	  globular	  models,	  this	  central	  helix	  was	  disrupted	  by	  a	  kink	  (Figure	  2.3A,	  black	  arrows),	  resulting	  in	  a	  compact	  bundle	  of	  helices.	  In	  all	  models,	  ARM-­‐1,	  ARM-­‐2,	  and	  exon1	  adopted	  alpha-­‐helical	  conformations	  (Figure	  2.3A).	  The	  NES	  formed	  a	  short	  alpha	  helix	  flanked	  on	  both	  sides	  by	  flexible	  loops,	  which	  usually	  formed	  a	  helix-­‐turn-­‐helix	  motif	  with	  the	  adjacent	  helix.	  ARM-­‐1	  was	  always	  positioned	  at	  the	  N-­‐terminus	  of	  the	  central	  region.	  The	  other	  functional	  motifs	  were	  separated	  by	  flexible	  regions,	  and	  the	  positioning	  of	  these	  motifs	  relative	  to	  the	  central	  region	  was	  the	  major	  difference	  among	  the	  various	  models	  in	  both	  elongated	  and	  globular	  structures.	  The	  greatest	  variability	  was	  observed	  in	  the	  position	  of	  exon1	  (Figure	  2.3A),	  which	  is	  rich	  in	  solvent-­‐exposed,	  hydrophilic	  residues.	  	  
	  
Relative	  positioning	  of	  the	  bipartite	  RNA	  binding	  domain	  in	  Rev	  models	  PyMol	  software	  [49]	  was	  used	  to	  inspect	  the	  relative	  positioning	  of	  ARM-­‐1	  and	  ARM-­‐2	  on	  the	  surface	  of	  the	  predicted	  structures.	  The	  distance	  separating	  the	  two	  closest	  atoms	  in	  ARM-­‐1	  and	  ARM-­‐2	  was	  calculated	  for	  each	  model	  (Additional	  file	  2.1).	  In	  204	  of	  235	  generated	  models,	  ARM-­‐1	  and	  ARM-­‐2	  were	  separated	  by	  ≥15Å	  on	  the	  monomer	  surface.	  In	  addition,	  ARM-­‐1	  and	  ARM-­‐2	  were	  positioned	  on	  opposite	  faces	  of	  the	  monomer	  in	  many	  of	  the	  top	  structures	  (Figure	  2.3B).	  Although,	  electrostatic	  views	  show	  that	  the	  two	  ARMs	  could	  be	  bridged	  by	  a	  continuous	  stretch	  of	  positive	  charge	  in	  some	  models	  (Figure	  2.3C),	  the	  bridging	  region	  consisted	  of	  positively	  charged	  residues	  from	  exon1,	  which	  can	  be	  deleted	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with	  no	  loss	  of	  Rev	  activity	  in	  vitro	  [25].	  	  These	  results	  strongly	  suggest	  that	  ARM-­‐1	  and	  ARM-­‐2	  do	  not	  form	  a	  single	  RNA	  binding	  interface	  in	  the	  Rev	  monomer.	  	  
	  










































models	  are	  defined	  by	  a	  ‘hinged’	  fold,	  wherein	  the	  central	  region	  is	  disrupted	  by	  a	  kink,	  indicated	  by	  black	  arrows.	  The	  color	  code	  used	  for	  visualizing	  the	  models	  is	  shown	  below	  in	  the	  context	  of	  the	  domain	  structure	  of	  Rev165.	  	  B.	  Relative	  positioning	  of	  ARM-­‐1	  and	  ARM-­‐2	  in	  top	  scoring	  elongated	  and	  globular	  Rev165	  models,	  showing	  three	  different	  rotational	  angles.	  In	  all	  three	  angles,	  ARM-­‐1	  and	  ARM-­‐2	  are	  well	  separated	  in	  the	  tertiary	  structure,	  and	  are	  on	  opposite	  faces.	  C.	  Electrostatic	  surface	  representation	  corresponding	  to	  the	  right-­‐most	  rotational	  view	  of	  Rev165	  shown	  in	  (B).	  Negative	  charges	  on	  the	  protein	  surface	  are	  colored	  red	  and	  positive	  charges	  are	  colored	  blue.	  	  The	  patch	  of	  positive	  charge	  bridging	  ARM-­‐1	  and	  ARM-­‐2	  consists	  of	  residues	  from	  exon1,	  which	  can	  be	  deleted	  with	  no	  effect	  on	  Rev	  function	  in	  vivo.	  	  
A	  coiled-­‐coil	  motif	  in	  EIAV	  Rev	  may	  promote	  dimerization	  Given	  that	  the	  ARM-­‐1	  and	  ARM-­‐2	  are	  not	  predicted	  to	  form	  a	  single	  RNA	  binding	  interface	  on	  the	  Rev	  monomer,	  two	  scenarios	  for	  RNA	  binding	  are	  possible:	  i)	  ARM-­‐1	  and	  ARM-­‐2	  form	  two	  distinct	  RNA	  binding	  interfaces,	  or	  ii)	  dimerization	  of	  Rev	  juxtaposes	  ARM-­‐1	  from	  one	  monomer	  with	  ARM-­‐2	  from	  a	  second	  monomer	  to	  form	  a	  single	  RNA	  binding	  interface.	  The	  latter	  scenario	  predicts	  that	  EIAV	  Rev	  dimerizes,	  and	  that	  dimerization	  is	  essential	  for	  RNA	  binding.	  Therefore,	  the	  primary	  sequence	  of	  EIAV	  Rev	  was	  computationally	  analyzed	  for	  oligomerization	  motifs	  [50-­‐53].	  Results	  identified	  a	  canonical	  coiled-­‐coil	  motif,	  spanning	  residues	  82-­‐109,	  within	  an	  extended	  alpha	  helix	  predicted	  in	  the	  central	  region	  of	  Rev	  (Figure	  2.4A).	  The	  predicted	  coiled-­‐coil	  motif	  displayed	  characteristics	  typical	  for	  an	  oligomerization	  domain	  [50,51,54,55],	  with	  hydrophobic	  residues	  predominantly	  occupying	  ‘a’	  and	  ‘d’	  registers	  of	  the	  coiled-­‐coil	  and	  charged	  residues	  preferentially	  occurring	  in	  ‘e’	  and	  ‘g’	  registers.	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A	  helical	  wheel	  projection	  of	  the	  predicted	  coiled-­‐coil	  motif	  (Figure	  2.4B)	  shows	  the	  ‘a’	  and	  ‘d’	  residues	  (Leu,	  Ile,	  Val,	  Ala)	  constitute	  the	  hydrophobic	  face	  of	  an	  amphipathic	  helix	  and	  are	  well	  positioned	  to	  mediate	  dimerization.	  Additionally,	  a	  bulky	  Trp	  residue	  is	  predicted	  to	  reside	  on	  the	  opposite	  side	  of	  the	  interhelical	  interface.	  Docking	  of	  predicted	  coiled-­‐coil	  structures	  using	  the	  ClusPro	  server	  [56-­‐59]	  resulted	  in	  formation	  of	  a	  head-­‐to-­‐tail	  dimer,	  with	  residues	  in	  the	  ‘a’	  and	  ‘d’	  registers	  forming	  an	  interhelical	  interface	  and	  the	  bulky	  Trp	  residue	  segregating	  to	  the	  opposite	  face,	  in	  a	  position	  where	  it	  could	  mediate	  further	  oligomerization	  (Figure	  2.4C).	  	  Although	  both	  head-­‐to-­‐head	  and	  head-­‐to-­‐tail	  orientations	  were	  obtained	  by	  docking,	  the	  head-­‐to-­‐tail	  orientation	  resulted	  in	  a	  larger	  number	  of	  contacts	  between	  hydrophobic	  ‘a’	  and	  ‘d’	  residues	  and	  a	  more	  energetically	  favorable	  dimer	  structure.	  Fewer	  interactions	  between	  ‘a’	  and	  ‘d’	  residues	  of	  the	  coiled-­‐coil	  were	  observed	  when	  docking	  full-­‐length	  elongated	  structures,	  in	  either	  the	  head-­‐to-­‐head	  or	  head-­‐to-­‐tail	  orientation	  (not	  shown).	  
	  
The	  coiled-­‐coil	  motif	  is	  highly	  conserved	  among	  EIAV	  Rev	  variants	  There	  is	  high	  degree	  of	  genetic	  variation	  in	  EIAV	  Rev	  sequences	  (reviewed	  in	  [40]),	  and	  it	  was	  of	  interest	  to	  examine	  conservation	  of	  residues	  in	  the	  predicted	  coiled-­‐coil	  motif.	  Accordingly,	  200	  distinct	  Rev	  amino	  acid	  sequences	  encompassing	  phylogenetically	  diverse	  isolates	  were	  retrieved	  from	  GenBank	  (Additional	  file	  2.2),	  aligned,	  and	  analyzed	  using	  the	  WebLogo	  server	  [60].	  Theses	  analyses	  revealed	  that	  a	  large	  number	  of	  residues	  in	  the	  predicted	  coiled-­‐coil	  region	  are,	  in	  fact,	  invariant	  (Figure	  2.4D).	  More	  importantly,	  residues	  in	  the	  ‘a’	  and	  ‘d’	  positions	  are	  either	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completely	  conserved,	  or	  were	  substituted	  only	  with	  similarly	  hydrophobic	  residues.	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intermolecular	  interactions	  mediated	  by	  ‘a’	  and	  ‘d’	  registers	  of	  the	  coiled-­‐coil	  motif.	  Diamonds	  represent	  hydrophobic	  residues;	  +	  denotes	  positively	  charged	  polar	  residues,	  -­‐	  denotes	  negatively	  charged	  polar	  residues;	  open	  circles	  represent	  uncharged	  polar	  residues.	  Dashed	  lines	  connect	  pairs	  of	  hydrophobic	  residues	  predicted	  to	  make	  interfacial	  contacts.	  Filled	  diamonds	  are	  Trp	  residues	  that	  could	  potentially	  participate	  in	  oligomerization.	  C.	  Cartoon	  illustrating	  a	  head-­‐to-­‐tail	  dimeric	  structure	  generated	  by	  ClusPro	  docking	  of	  two	  EIAV	  Rev	  fragments	  corresponding	  to	  the	  coiled-­‐coil	  motif.	  Side	  chains	  of	  ‘a’	  and	  ‘d’	  residues	  predicted	  to	  make	  interhelical	  contacts	  in	  (B)	  are	  shown	  as	  black	  sticks.	  Note	  that	  Trp	  residues	  (W97)	  that	  could	  potentiate	  oligomerization	  are	  exposed	  on	  opposite	  faces	  of	  the	  docked	  structure.	  D.	  Conservation	  in	  the	  coiled-­‐coil	  motif	  among	  Rev	  variants.	  The	  sequence	  logo	  of	  residues	  82-­‐109	  of	  EIAV	  Rev	  was	  generated	  from	  a	  multiple	  sequence	  alignment	  of	  200	  EIAV	  Rev	  isolates	  from	  US,	  Ireland,	  and	  China	  using	  WebLogo	  [60].	  	  Stacks	  of	  letters	  at	  each	  position	  indicate	  the	  relative	  frequency	  of	  an	  amino	  acid	  in	  its	  corresponding	  column	  of	  the	  multiple	  sequence	  alignment.	  Six	  of	  the	  8	  residues	  in	  the	  ‘a’	  and	  ‘d’	  positions	  are	  invariant	  while	  the	  Ile	  in	  the	  first	  ‘a’	  position	  accommodates	  only	  Val,	  a	  closely	  related	  hydrophobic	  residue.	  	  	  
The	  high	  degree	  of	  conservation	  suggests	  that	  the	  predicted	  coiled-­‐coil	  motif	  contributes	  an	  essential	  function	  in	  Rev	  activity.	  	  In	  support	  of	  this,	  mutation	  of	  hydrophobic	  residues	  located	  in	  the	  predicted	  interhelical	  interface	  (L95D,	  L109D)	  abrogated	  Rev	  activity,	  whereas	  mutation	  of	  hydrophobic	  residues	  that	  lie	  outside	  the	  predicted	  interface	  (e.g.,	  V112D)	  retained	  wild-­‐type	  Rev	  activity	  [30,42].	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Figure	  2.	  5:	  Specific	  residues	  within	  the	  predicted	  coiled-­‐coil	  motif	  are	  required	  for	  













































































































































L95D	  mutation	  in	  the	  predicted	  interhelical	  interface	  abolishes	  dimerization	  whereas	  mutation	  of	  residues	  flanking	  L95	  (AALA)	  does	  not	  affect	  dimerization.	  Mutation	  of	  ARM-­‐1	  (AADAA)	  and	  ARM-­‐2	  (KAAAK)	  does	  not	  affect	  dimerization.	  	  C.	  RNA-­‐binding	  activity	  as	  measured	  by	  UV	  cross-­‐linking	  and	  SDS-­‐PAGE	  (reproduced	  from	  [25]).	  The	  L95D	  mutation	  in	  the	  predicted	  coiled-­‐coil	  interhelical	  interface	  causes	  a	  dramatic	  decrease	  in	  RNA	  binding,	  whereas	  mutation	  of	  residues	  flanking	  L95	  (AALA	  mutant)	  does	  not	  affect	  RNA	  binding.	  	  Marked	  reduction	  of	  RNA	  binding	  activity	  was	  also	  observed	  in	  ARM-­‐1	  and	  ARM-­‐2	  mutants	  (AADAA	  and	  KAAAK,	  respectively).	  	  	  
To	  explore	  the	  importance	  of	  dimerization	  for	  RNA	  binding,	  we	  re-­‐examined	  previous	  studies	  that	  mapped	  determinants	  of	  EIAV	  Rev	  required	  for	  RNA	  binding	  [25].	  In	  UV-­‐crosslinking	  experiments,	  the	  L95D	  mutation,	  which	  abolishes	  dimerization,	  resulted	  in	  markedly	  reduced	  RNA	  binding	  activity,	  whereas	  the	  AALA	  mutant	  in	  which	  dimerization	  is	  not	  affected	  retained	  wild-­‐type	  binding	  activity	  (compare	  Figures	  2.5B	  and	  C).	  	  Thus,	  loss	  of	  Rev	  dimerization	  is	  correlated	  with	  loss	  of	  RNA	  binding	  activity.	  Furthermore,	  mutations	  within	  ARM-­‐1	  and	  ARM-­‐2	  that	  disrupt	  RNA	  binding	  did	  not	  affect	  dimerization	  (Figure	  2.5B,	  C),	  indicating	  that	  dimerization	  and	  RNA	  binding	  are	  distinct	  and	  separable	  functions	  of	  Rev.	  Taken	  together,	  these	  results	  indicate	  that	  a	  coiled-­‐coil	  motif	  mediates	  dimerization	  of	  EIAV	  Rev,	  and	  that	  dimerization	  is	  a	  prerequisite	  for	  Rev	  binding	  to	  the	  RRE.	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Discussion	  The	  Rev	  protein	  of	  EIAV	  contains	  a	  bipartite	  RNA	  binding	  domain,	  containing	  two	  arginine-­‐rich	  motifs,	  designated	  ARM-­‐1	  and	  ARM-­‐2,	  which	  are	  separated	  by	  79	  residues	  in	  the	  amino	  acid	  sequence.	  In	  this	  study,	  computational	  models	  were	  generated	  and	  evaluated	  in	  an	  effort	  to	  determine	  the	  relative	  positioning	  of	  ARM-­‐1	  and	  ARM-­‐2	  on	  the	  tertiary	  structure	  of	  EIAV	  Rev.	  Two	  overall	  topologies	  for	  the	  Rev	  monomer	  were	  predicted:	  an	  elongated	  structure	  with	  an	  extended	  central	  alpha	  helix,	  and	  a	  globular	  structure	  with	  a	  kink	  in	  the	  central	  helix,	  resulting	  in	  a	  bundle	  of	  helices.	  In	  204	  of	  235	  generated	  models,	  ARM-­‐1	  and	  ARM-­‐2	  were	  well	  separated	  on	  the	  tertiary	  structure,	  strongly	  suggesting	  that	  a	  single	  RNA	  binding	  interface	  is	  not	  formed	  on	  the	  Rev	  monomer.	  A	  highly	  conserved	  coiled-­‐coil	  motif	  was	  identified	  in	  the	  central	  region	  of	  EIAV	  Rev	  and	  was	  found	  to	  mediate	  dimerization	  of	  Rev	  monomers	  in	  vitro.	  Mutation	  of	  residues	  predicted	  to	  form	  key	  intermolecular	  coiled-­‐coil	  contacts	  abolished	  dimerization	  and	  also	  disrupted	  RNA	  binding.	  In	  contrast,	  mutation	  of	  residues	  predicted	  to	  lie	  outside	  the	  coiled-­‐coil	  interface	  had	  no	  effect	  on	  dimerization	  or	  RNA	  binding	  activity.	  Taken	  together,	  our	  results	  suggest	  that	  the	  EIAV	  Rev	  monomer	  adopts	  an	  elongated	  structure	  that	  dimerizes	  through	  intermolecular	  interactions	  mediated	  by	  a	  highly	  conserved	  coiled-­‐coil	  motif	  in	  the	  central	  region	  of	  the	  protein.	  Dimerization	  is	  predicted	  to	  juxtapose	  ARM-­‐1	  from	  one	  monomer	  with	  ARM-­‐2	  from	  a	  second	  monomer	  to	  form	  a	  single	  RNA	  binding	  interface.	  	  The	  central	  region	  of	  Rev	  is	  known	  to	  be	  sensitive	  to	  mutation	  [25],	  but	  a	  specific	  role	  for	  this	  region	  in	  the	  Rev	  nuclear	  export	  pathway	  has	  not	  been	  
 73 
identified.	  The	  presence	  of	  a	  highly	  conserved	  coiled-­‐coil	  motif	  in	  the	  central	  region	  suggests	  that	  it	  is	  required	  for	  intermolecular	  and/or	  intramolecular	  interactions	  essential	  for	  Rev	  activity.	  In	  elongated	  structural	  models,	  the	  coiled-­‐coil	  is	  positioned	  to	  meditate	  intermolecular	  interactions	  required	  for	  dimerization	  and	  RNA	  binding;	  in	  the	  globular	  models,	  the	  coiled-­‐coil	  motif	  would	  mediate	  intramolecular	  interactions	  that	  contribute	  to	  protein	  stability.	  Our	  data	  are	  most	  consistent	  with	  an	  elongated	  topology	  wherein	  the	  coiled-­‐coil	  motif	  mediates	  formation	  of	  a	  Rev	  dimer.	  In	  this	  scenario,	  coiled-­‐coil	  intermolecular	  interactions	  that	  stabilize	  the	  EIAV	  Rev	  dimer	  are	  maximized	  in	  an	  antiparallel	  orientation,	  suggesting	  that	  EIAV	  Rev	  binds	  RNA	  as	  a	  head-­‐to-­‐tail	  dimer.	  In	  support	  of	  this	  model,	  a	  series	  of	  trans-­‐complementation	  experiments	  reported	  by	  Harris	  et	  al.,	  [63]	  showed	  that	  co-­‐transfection	  of	  ARM-­‐1	  and	  ARM-­‐2	  mutants,	  each	  deficient	  for	  RNA	  export,	  restored	  Rev	  activity.	  In	  contrast,	  trans-­‐complementation	  was	  abolished	  by	  mutation	  of	  residues	  that	  correspond	  to	  key	  contacts	  in	  the	  coiled-­‐coil	  interface.	  In	  total,	  the	  computational	  models	  and	  experiments	  reported	  here,	  combined	  with	  previous	  experimental	  results,	  indicate	  that	  a	  coiled-­‐coil	  motif	  in	  the	  central	  region	  of	  EIAV	  Rev	  mediates	  dimerization	  of	  Rev,	  which	  in	  turn,	  plays	  an	  essential	  role	  in	  RNA	  binding	  and	  Rev	  activity.	  	  The	  predicted	  overall	  fold	  of	  EIAV	  Rev	  reported	  here	  shows	  both	  similarities	  and	  differences	  compared	  with	  the	  crystal	  structure	  of	  the	  HIV-­‐1	  Rev	  monomer	  [20,21].	  	  In	  both	  Rev	  proteins,	  the	  ARM	  motifs	  adopt	  an	  alpha-­‐helical	  conformation.	  Oligomerization	  domains	  are	  found	  in	  both	  proteins	  and	  play	  an	  essential	  role	  in	  Rev	  function.	  The	  oligomerization	  domain	  of	  EIAV	  Rev	  contains	  the	  strong	  signature	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of	  a	  coiled-­‐coil	  motif,	  which	  is	  required	  for	  dimerization	  and	  binding	  to	  the	  RRE.	  A	  corresponding	  canonical	  coiled-­‐coil	  motif	  is	  not	  found	  in	  HIV-­‐1	  Rev.	  Instead,	  hydrophobic	  residues	  flanking	  the	  ARM	  mediate	  oligomerization	  of	  Rev	  on	  the	  RRE	  [13,20,64].	  One	  difference	  between	  the	  two	  lentiviral	  Rev	  proteins	  is	  that	  dimerization	  is	  required	  for	  RNA	  binding	  of	  EIAV,	  but	  not	  HIV-­‐1,	  Rev	  in	  vitro.	  In	  both	  cases,	  however,	  dimerization	  may	  be	  the	  biologically	  relevant	  configuration	  that	  determines	  RNA-­‐binding	  specificity	  and	  formation	  of	  a	  functional	  nuclear	  export	  complex	  in	  vivo.	  Our	  study	  highlights	  the	  value	  of	  employing	  computational	  methods	  to	  gain	  insight	  into	  structure-­‐function	  relationships	  of	  Rev	  proteins,	  which	  have	  proven	  extremely	  difficult	  to	  characterize	  experimentally.	  In	  particular,	  recent	  advances	  in	  
ab	  initio	  and	  threading	  based	  modeling	  has	  resulted	  in	  increased	  power	  and	  accuracy	  in	  predicting	  protein	  structure.	  Ab	  initio	  methods	  have	  the	  advantage	  of	  not	  requiring	  a	  structural	  template	  that	  shares	  sequence	  homology	  to	  that	  of	  the	  protein	  of	  interest;	  current	  ab	  initio	  methods	  can	  reliably	  predict	  tertiary	  structures	  of	  proteins	  ≤	  200	  amino	  acids	  in	  length	  [35-­‐37,39].	  Model	  quality	  assessment	  has	  also	  improved	  significantly	  in	  recent	  years	  and	  provides	  a	  quantitative	  measure	  of	  confidence	  in	  the	  quality	  of	  predicted	  protein	  structures	  [65,66].	  Due	  to	  the	  low	  level	  of	  sequence	  identity	  between	  EIAV	  and	  HIV-­‐1	  Rev	  and	  the	  lack	  of	  other	  homologous	  templates,	  the	  “average”	  scores	  of	  our	  predicted	  models	  were	  not	  unexpected.	  The	  quality	  score	  of	  a	  given	  model	  depends	  in	  part,	  on	  whether	  the	  overall	  fold	  of	  the	  model	  is	  consistent	  with	  predictions	  of	  secondary	  structure	  generated	  by	  independent	  methods	  [46-­‐48];	  therefore,	  models	  of	  average	  quality	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can	  yield	  useful	  information	  on	  general	  topology	  and	  spatial	  features	  of	  a	  protein.	  The	  elongated	  topology	  is	  most	  consistent	  with	  secondary	  structure	  predictions,	  in	  which	  the	  central	  region	  of	  EIAV	  Rev	  adopts	  an	  extended	  alpha	  helical	  conformation	  (Figure	  2.4A).	  This	  explains,	  in	  part,	  why	  the	  elongated	  models	  generally	  scored	  higher	  than	  globular	  models,	  especially	  those	  generated	  by	  ab	  initio	  servers.	  Although	  we	  were	  unable	  to	  select	  a	  single	  topology	  based	  on	  computational	  predictions	  alone,	  both	  the	  globular	  and	  elongated	  models	  indicate	  that	  ARM-­‐1	  and	  ARM-­‐2	  do	  not	  form	  a	  single	  RNA	  binding	  interface,	  a	  finding	  that	  motivated	  the	  search	  for	  an	  oligomerization	  motif	  in	  EIAV	  Rev.	  It	  will	  be	  of	  interest	  to	  determine	  whether	  coiled-­‐coil	  motifs	  are	  found	  in	  other	  retroviral	  Rev	  or	  Rev-­‐like	  proteins	  where	  they	  may	  contribute	  to	  oligomerization	  and	  nuclear	  export	  activity.	  	  
	  




Generation	  of	  EIAV	  Rev	  structural	  models	  	   Sequences:	  EIAV	  Rev	  R1	  [GenBank:AAG53100]	  was	  used	  as	  the	  reference	  amino	  acid	  sequence	  for	  generating	  full-­‐length	  EIAV	  Rev165	  structural	  models.	  R1	  was	  isolated	  from	  a	  pony	  experimentally	  infected	  with	  EIAVWyo2078,	  a	  highly	  virulent	  strain	  of	  EIAV	  [41].	  Additional	  Rev	  sequence	  variants	  included:	  R1	  Rev135,	  which	  lacks	  the	  first	  30	  amino	  acids	  encoded	  by	  exon1;	  R1	  Rev∆HVR,	  in	  which	  the	  hypervariable	  region	  (residues	  131-­‐143)	  is	  deleted	  [25,42];	  and	  RevFDD	  [43],	  the	  full-­‐length	  Rev	  sequence	  from	  the	  Chinese	  isolate	  EIAVFDD-­‐10	  [GenBank:ADK35837].	  	  	   Servers:	  The	  QUARK,	  ITASSER,	  LOMETS,	  and	  PROTINFO	  protein	  structure	  prediction	  servers	  were	  used	  for	  automated	  modeling	  of	  Rev	  and	  are	  described	  in	  [31,33,	  35,36,44,45].	  Default	  settings	  were	  used	  for	  the	  QUARK,	  ITASSER,	  and	  LOMETS	  servers.	  The	  “generate	  comparative	  models”	  option	  was	  used	  for	  PROTINFO.	  For	  the	  ITASSER	  server,	  in	  addition	  to	  default	  settings,	  Rev	  was	  modeled	  using	  an	  HIV	  Rev	  crystal	  structure	  (PDB:3lph)	  [20]	  as	  the	  specified	  template	  with	  two	  different	  parameterized	  settings:	  i)	  the	  “specify	  template	  without	  an	  alignment”	  mode;	  and	  ii)	  the	  “specify	  template	  with	  alignment”	  mode.	  Pairwise	  alignment	  of	  R1	  and	  HIV-­‐1	  Rev	  3lph:A	  amino	  acid	  sequences	  was	  generated	  with	  the	  T-­‐Coffee	  webserver	  [67].	  All	  models	  were	  manually	  inspected	  and	  models	  with	  an	  unfolded	  topology	  or	  those	  missing	  C-­‐terminal	  residues	  encompassing	  ARM-­‐2	  were	  excluded	  from	  further	  analysis.	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Quality	  assessment	  of	  EIAV	  Rev	  structural	  models	  	   The	  QMEAN	  [46,47]	  and	  ProQ2	  [48]	  servers	  were	  used	  to	  evaluate	  models	  for	  consistency	  with	  known	  protein	  structural	  features.	  These	  are	  among	  the	  top	  performing	  model	  quality	  assessment	  servers,	  routinely	  outperforming	  other	  assessment	  programs	  in	  recent	  CASP	  competitions	  [47,48,65,66].	  To	  discriminate	  between	  high	  and	  low	  quality	  models,	  QMEAN	  uses	  a	  composite	  scoring	  function	  based	  on	  four	  geometrical	  features:	  i)	  local	  geometry,	  ii)	  long-­‐range	  interactions,	  iii)	  all-­‐atom	  potential,	  and	  iv)	  solvation	  energy	  of	  residues	  [46,47].	  	  The	  output	  score	  ranges	  from	  0	  to	  1,	  where	  1	  is	  the	  highest	  score.	  	  The	  mean	  scores	  of	  high,	  medium	  and	  low	  quality	  models	  are	  0.68,	  0.58,	  and	  0.40,	  respectively	  [46,47].	  ProQ2	  predicts	  both	  local	  and	  global	  “correctness”	  of	  models	  using	  a	  support	  vector	  machine	  algorithm	  that	  considers	  the	  following	  features	  of	  a	  given	  model:	  i)	  atom-­‐atom	  and	  residue-­‐residue	  contacts,	  ii)	  solvent	  accessibility,	  iii)	  predicted	  secondary	  structure,	  iv)	  predicted	  surface	  area	  exposure,	  and	  v)	  evolutionary	  information	  [48].	  The	  quality	  of	  a	  model	  predicted	  by	  ProQ2	  is	  consistent	  with	  predictions	  by	  QMEAN	  [48].	  All	  models	  generated	  in	  this	  study	  were	  evaluated	  with	  both	  servers,	  using	  default	  parameters.	  	  	  
Alignment	  of	  EIAV	  Rev	  protein	  sequences	  	   Pairwise	  protein	  alignments	  were	  performed	  with	  the	  T-­‐Coffee	  webserver	  [67],	  using	  the	  default	  settings	  of	  the	  T-­‐Coffee	  mode.	  Multiple	  sequence	  alignments	  were	  performed	  with	  MacVector	  software,	  using	  the	  Gonnet	  substitution	  matrix	  with	  default	  settings	  [68,69].	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Prediction	  of	  coiled-­‐coil	  motifs	  	   Coiled-­‐coil	  motif	  prediction	  was	  performed	  using	  the	  COILS	  [50,51],	  PAIRCOIL	  [52],	  and	  CCHMMPROF	  [53]	  servers.	  For	  the	  COILS	  server,	  the	  following	  parameters	  were	  used:	  a	  28-­‐residue	  window	  width,	  the	  MTDIK	  matrix,	  and	  the	  2.5	  fold	  weighting	  of	  positions	  ‘a’	  and	  ‘d’.	  For	  the	  PARCOIL	  server,	  a	  28-­‐residue	  window	  width	  and	  a	  p-­‐score	  cut-­‐off	  of	  0.05	  were	  used.	  Default	  settings	  were	  used	  for	  CCHMMPROF.	  The	  DrawCoil	  1.0	  server	  [62]	  was	  used	  to	  generate	  helical	  wheel	  representations	  of	  predicted	  coiled-­‐coils.	  	  
Analysis	  of	  sequence	  conservation	  	  Two	  hundred	  distinct	  EIAV	  Rev	  amino	  acid	  sequences	  from	  the	  US,	  Ireland,	  and	  China,	  were	  retrieved	  from	  the	  NCBI	  GenBank	  protein	  database	  (see	  Additional	  file	  2.2).	  A	  multiple	  sequence	  alignment	  of	  the	  central	  region	  of	  Rev	  was	  generated	  and	  a	  sequence	  logo	  corresponding	  to	  the	  coiled-­‐coil	  motif	  (a.a.	  82-­‐109)	  was	  derived	  using	  the	  WebLogo	  server	  [60].	  Sequence	  logos	  generated	  by	  WebLogo	  summarize	  the	  overall	  conservation	  of	  residues	  at	  each	  column	  position	  in	  a	  sequence	  alignment	  by	  depicting	  stacks	  of	  residues	  at	  each	  position:	  the	  height	  of	  each	  residue	  indicates	  its	  relative	  frequency.	  Relative	  frequencies	  are	  expressed	  in	  terms	  of	  information	  content,	  or	  bits,	  on	  the	  y-­‐axis.	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Prediction	  of	  protein	  secondary	  structures	  	   Secondary	  structure	  predictions	  for	  Rev	  proteins	  were	  obtained	  from	  the	  PSIPRED	  [70],	  ITASSER	  [31,33]	  and	  QUARK	  [35,36]	  webservers	  and	  manually	  aligned	  to	  generate	  a	  consensus	  secondary	  structure.	  	  
	  
Protein	  Docking	  	   The	  central	  region	  of	  Rev165	  encompassing	  the	  predicted	  coiled-­‐coiled	  motif	  (amino	  acids	  82-­‐109)	  was	  modeled	  with	  ITASSER.	  	  The	  ClusPro	  2.0	  docking	  server	  was	  used	  to	  generate	  dimeric	  structures,	  using	  default	  parameters	  [56-­‐59].	  	  
	  
Expression	  and	  purification	  of	  EIAV	  Rev	  	   MBP-­‐Rev	  fusion	  proteins	  were	  cloned	  and	  expressed	  in	  E.	  coli	  strain	  Rosetta	  Gami	  in	  NZY	  media	  as	  described	  previously	  [25].	  Following	  expression,	  cells	  were	  pelleted	  and	  resuspended	  in	  lysis	  buffer	  containing	  25	  mM	  HEPES	  pH	  7.5,	  200	  mM	  NaCl,	  2	  mM	  beta-­‐mercaptoethanol	  (BME),	  supplemented	  with	  2	  mM	  phenylmethylsulfonyl	  fluoride	  (PMSF)	  and	  Roche	  cOmplete®	  protease	  inhibitor	  cocktail	  tablet,	  according	  to	  the	  manufacturer’s	  protocol.	  The	  suspension	  was	  incubated	  with	  1mg/ml	  lysozyme	  on	  ice	  for	  20	  min	  and	  subjected	  to	  10	  cycles	  of	  freeze-­‐thaw	  and	  20	  cycles	  of	  sonication.	  The	  suspension	  was	  clarified	  by	  centrifugation	  and	  mixed	  by	  rocking	  with	  Ni-­‐NTA	  beads	  equilibrated	  in	  50	  mM	  Tris	  pH	  8.0,	  2M	  NaCl,	  2	  mM	  BME,	  0.1%	  Tween-­‐20,	  10	  mM	  imidazole.	  After	  overnight	  incubation	  at	  4˚C,	  resin	  was	  rinsed	  with	  5	  sample	  volumes	  of	  equilibration	  buffer,	  washed	  with	  5	  sample	  volumes	  of	  wash	  buffer	  (50	  mM	  Tris	  pH	  8.0,	  250	  mM	  NaCl,	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2mM	  BME,	  10	  mM	  imidazole),	  and	  MBP-­‐Rev	  fusion	  proteins	  were	  eluted	  in	  50	  mM	  Tris	  pH	  8.0,	  250	  mM	  NaCl,	  2	  mM	  BME,	  250	  mM	  imidazole.	  Eluted	  protein	  samples	  were	  dialyzed	  against	  50	  mM	  Tris	  pH	  8.0,	  200	  mM	  NaCl,	  2	  mM	  BME,	  10%	  glycerol.	  	  The	  purity	  of	  all	  proteins	  preparations	  was	  confirmed	  by	  SDS-­‐PAGE	  analysis.	  	  
	  
Blue-­‐native	  PAGE	  Assay	  	  	   Purified	  MBP-­‐Rev	  protein	  samples	  were	  added	  to	  6X	  blue	  native	  sample	  loading	  buffer	  (12	  mM	  EDTA,	  120	  mM	  NaCl,	  120	  mM	  Bis-­‐Tris	  pH	  7.0,	  60%	  glycerol,	  and	  0.5%	  Coomassie	  brilliant	  blue	  G-­‐250	  manufactured	  by	  Thermo	  Scientific,	  Waltham,	  MA)	  supplemented	  with	  0.2%	  SDS.	  Samples	  were	  analyzed	  by	  electrophoresis	  in	  8%	  blue	  native	  polyacrylamide	  gels	  with	  50	  mM	  Bis-­‐Tris	  pH	  7.0	  anode	  buffer	  and	  50	  mM	  Tricine,	  15mM	  Bis-­‐Tris	  pH	  7.0,	  0.002%	  Coomassie	  brilliant	  blue	  G-­‐250	  cathode	  buffer.	  	  
RNA	  binding	  assays	  	   UV-­‐crosslinking	  RNA	  binding	  assays	  were	  described	  previously	  [25].	  Briefly,	  2-­‐4	  µg	  purified	  MBP-­‐Rev	  was	  incubated	  with	  104	  cpm	  of	  32P-­‐labeled	  EIAV	  RRE	  RNA	  in	  binding	  buffer	  (10	  mM	  HEPES-­‐KOH,	  pH	  7.5,	  100	  mM	  KCL,	  1	  mM	  MgCl2,	  0.5	  mM	  EDTA,	  1	  mM	  dithiothreitol,	  50	  µg/ml	  E.	  coli	  tRNA	  and	  10%	  glycerol)	  for	  20	  min	  at	  room	  temperature.	  Following	  incubation,	  samples	  were	  UV-­‐irradiated	  with	  3x105	  µJ	  at	  254	  nm	  for	  7	  min,	  followed	  by	  treatment	  with	  0.1	  mg/ml	  RNase	  A	  at	  37˚C	  for	  2	  min.	  Samples	  were	  boiled	  in	  an	  equal	  volume	  of	  SDS	  for	  5	  min	  and	  separated	  in	  12%	  SDS-­‐PAGE	  in	  Tris-­‐glycine	  buffer.	  Gels	  were	  fixed	  in	  50%	  methanol-­‐10%	  acetic	  acid,	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dried,	  and	  exposed	  to	  phosphorimager	  screens	  overnight.	  UV	  cross-­‐linked	  complexes	  were	  detected	  using	  a	  PersonalFX	  scanner	  and	  Quality	  One	  software	  (Bio-­‐Rad,	  Hercules,	  CA)	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TABLE	  3:	  Additional	  File	  2.1.	  Quality	  assessment	  of	  Rev	  models	  Rev165	  
Model	  	   Server	   QMEAN	   ProQ2	   Avg	   Distance	  (Å)	  E1	   QUARK	   0.55	   0.62	   0.58	   22	  E2	   QUARK	   0.56	   0.57	   0.57	   21	  E3	   QUARK	   0.50	   0.62	   0.56	   25	  E4	   QUARK	   0.49	   0.62	   0.56	   25	  E5	   QUARK	   0.55	   0.56	   0.55	   17	  E6	   QUARK	   0.48	   0.62	   0.55	   22	  E7	   QUARK	   0.54	   0.56	   0.55	   17	  E8	   QUARK	   0.49	   0.58	   0.53	   20	  E9	   QUARK	   0.49	   0.58	   0.53	   20	  E10	   QUARK	   0.55	   0.52	   0.53	   13	  E11	   QUARK	   0.54	   0.52	   0.53	   15	  E12	   QUARK	   0.50	   0.55	   0.53	   47	  E13	   QUARK	   0.51	   0.52	   0.52	   18	  E14	   TASSER	   0.47	   0.55	   0.51	   21	  E15	   QUARK	   0.49	   0.52	   0.51	   18	  E16	   QUARK	   0.43	   0.58	   0.51	   28	  E17	   TASSER	   0.54	   0.47	   0.50	   82	  E18	   QUARK	   0.40	   0.58	   0.49	   28	  E19	   QUARK	   0.47	   0.50	   0.49	   27	  E20	   QUARK	   0.47	   0.50	   0.48	   27	  E21	   TASSER	   0.48	   0.48	   0.48	   94	  E22	   QUARK	   0.42	   0.55	   0.48	   47	  E23	   TASSER	   0.41	   0.56	   0.48	   91	  E24	   TASSER	   0.42	   0.53	   0.47	   15	  E25	   TASSER	   0.52	   0.42	   0.47	   109	  E26	   QUARK	   0.37	   0.57	   0.47	   21	  E27	   TASSER	   0.41	   0.50	   0.45	   99	  E28	   LOMETS	   0.44	   0.46	   0.45	   86	  E29	   TASSER	   0.48	   0.41	   0.44	   41	  E30	   TASSER	   0.50	   0.38	   0.44	   55	  E31	   TASSER	   0.35	   0.50	   0.42	   75	  E32	   TASSER	   0.34	   0.48	   0.41	   95	  E33	   LOMETS	   0.34	   0.48	   0.41	   93	  E34	   LOMETS	   0.34	   0.48	   0.41	   93	  E35	   TASSER	   0.33	   0.47	   0.40	   25	  E36	   LOMETS	   0.30	   0.47	   0.38	   92	  E37	   LOMETS	   0.39	   0.38	   0.38	   85	  E38	   TASSER	   0.29	   0.44	   0.36	   93	  E39	   TASSER	   0.35	   0.38	   0.36	   80	  E40	   TASSER	   0.31	   0.40	   0.35	   108	  E41	   TASSER	   0.33	   0.36	   0.35	   18	  E42	   LOMETS	   0.40	   0.29	   0.35	   88	  G1	   TASSER	   0.41	   0.54	   0.47	   18	  G2	   TASSER	   0.43	   0.50	   0.46	   19	  G3	   TASSER	   0.41	   0.49	   0.45	   18	  G4	   TASSER	   0.37	   0.50	   0.43	   11	  G5	   TASSER	   0.32	   0.54	   0.43	   12	  G6	   TASSER	   0.35	   0.48	   0.42	   15	  G7	   TASSER	   0.37	   0.45	   0.41	   15	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Additional	  File	  2.1	  continued	  	   	   	   	   	   	  G8	   TASSER	   0.32	   0.48	   0.40	   18	  G9	   TASSER	   0.39	   0.40	   0.39	   15	  G10	   TASSER	   0.33	   0.45	   0.39	   20	  G11	   TASSER	   0.31	   0.42	   0.36	   56	  G12	   TASSER	   0.30	   0.39	   0.35	   15	  G13	   TASSER	   0.30	   0.38	   0.34	   0	  G14	   TASSER	   0.30	   0.37	   0.33	   20	  G15	   LOMETS	   0.23	   0.43	   0.33	   19	  G16	   LOMETS	   0.32	   0.30	   0.31	   51	  G17	   LOMETS	   0.32	   0.30	   0.31	   51	  G18	   LOMETS	   0.32	   0.30	   0.31	   51	  G19	   PROTINFO	   0.14	   0.37	   0.25	   15	  G20	   PROTINFO	   0.14	   0.37	   0.25	   15	  G21	   PROTINFO	   0.12	   0.35	   0.24	   15	  G22	   PROTINFO	   0.12	   0.35	   0.24	   15	  G23	   PROTINFO	   0.12	   0.33	   0.22	   16	  G24	   PROTINFO	   0.12	   0.33	   0.22	   16	  	   	   	   	   	   	  Rev135	  
Model	  	   Server	   QMEAN	   ProQ2	   Avg	   Distance	  (Å)	  E1	   QUARK	   0.57	   0.62	   0.60	   21	  E2	   QUARK	   0.56	   0.63	   0.59	   15	  E3	   QUARK	   0.56	   0.62	   0.59	   19	  E4	   QUARK	   0.56	   0.61	   0.59	   47	  E5	   QUARK	   0.54	   0.61	   0.58	   20	  E6	   QUARK	   0.59	   0.56	   0.57	   18	  E7	   QUARK	   0.53	   0.61	   0.57	   20	  E8	   QUARK	   0.58	   0.56	   0.57	   46	  E9	   QUARK	   0.58	   0.56	   0.57	   14	  E10	   QUARK	   0.53	   0.58	   0.55	   21	  E11	   QUARK	   0.51	   0.59	   0.55	   13	  E12	   QUARK	   0.50	   0.59	   0.55	   30	  E13	   QUARK	   0.51	   0.58	   0.54	   21	  E14	   QUARK	   0.50	   0.55	   0.52	   15	  E15	   QUARK	   0.55	   0.50	   0.52	   17	  E16	   TASSER	   0.49	   0.56	   0.52	   21	  E17	   QUARK	   0.46	   0.58	   0.52	   15	  E18	   QUARK	   0.44	   0.59	   0.52	   18	  E19	   QUARK	   0.45	   0.59	   0.52	   10	  E20	   QUARK	   0.46	   0.57	   0.52	   15	  E21	   QUARK	   0.47	   0.56	   0.51	   16	  E22	   QUARK	   0.43	   0.59	   0.51	   23	  E23	   QUARK	   0.53	   0.48	   0.51	   20	  E24	   QUARK	   0.42	   0.56	   0.49	   19	  E25	   QUARK	   0.42	   0.56	   0.49	   13	  E26	   QUARK	   0.40	   0.56	   0.48	   13	  E27	   QUARK	   0.44	   0.51	   0.48	   4	  E28	   QUARK	   0.44	   0.51	   0.48	   4	  E29	   QUARK	   0.40	   0.50	   0.45	   18	  E30	   LOMETS	   0.35	   0.52	   0.43	   81	  E31	   TASSER	   0.41	   0.45	   0.43	   13	  E32	   TASSER	   0.33	   0.51	   0.42	   15	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Additional	  File	  2.1	  continued	  	   	   	   	   	   	  E33	   TASSER	   0.46	   0.36	   0.41	   103	  E34	   TASSER	   0.31	   0.47	   0.39	   15	  E35	   TASSER	   0.39	   0.36	   0.38	   26	  E36	   TASSER	   0.26	   0.37	   0.32	   17	  E37	   LOMETS	   0.28	   0.28	   0.28	   81	  G1	   TASSER	   0.55	   0.58	   0.56	   9	  G2	   TASSER	   0.55	   0.56	   0.56	   29	  G3	   TASSER	   0.48	   0.59	   0.54	   26	  G4	   TASSER	   0.44	   0.61	   0.52	   16	  G5	   TASSER	   0.47	   0.48	   0.48	   12	  G6	   TASSER	   0.47	   0.47	   0.47	   18	  G7	   TASSER	   0.44	   0.50	   0.47	   16	  G8	   LOMETS	   0.46	   0.45	   0.46	   7	  G9	   TASSER	   0.41	   0.48	   0.45	   22	  G10	   TASSER	   0.36	   0.52	   0.44	   16	  G11	   TASSER	   0.39	   0.45	   0.42	   20	  G12	   TASSER	   0.37	   0.45	   0.41	   10	  G13	   TASSER	   0.25	   0.57	   0.41	   20	  G14	   TASSER	   0.33	   0.47	   0.40	   12	  G15	   TASSER	   0.31	   0.47	   0.39	   20	  G16	   LOMETS	   0.27	   0.48	   0.38	   19	  G17	   LOMETS	   0.35	   0.40	   0.38	   20	  G18	   TASSER	   0.32	   0.41	   0.36	   25	  G19	   TASSER	   0.32	   0.41	   0.36	   18	  G20	   LOMETS	   0.31	   0.36	   0.33	   20	  G21	   LOMETS	   0.24	   0.30	   0.27	   0	  G22	   LOMETS	   0.20	   0.30	   0.25	   6	  G23	   PROTINFO	   0.00	   0.32	   0.16	   30	  G24	   LOMETS	   0.15	   0.17	   0.16	   10	  G25	   TASSER	   0.34	   0.39	   0.36	   8	  G26	   TASSER	   0.44	   0.47	   0.45	   24	  G27	   TASSER	   0.39	   0.41	   0.40	   12	  G28	   LOMETS	   0.35	   0.41	   0.38	   17	  	   	   	   	   	   	  Rev∆HVR	  
Model	  	   Server	   QMEAN	   ProQ2	   Avg	   Distance	  (Å)	  E1	   QUARK	   0.55	   0.63	   0.59	   28	  E2	   QUARK	   0.56	   0.58	   0.57	   34	  E3	   QUARK	   0.57	   0.53	   0.55	   32	  E4	   QUARK	   0.54	   0.56	   0.55	   31	  E5	   QUARK	   0.54	   0.55	   0.54	   38	  E6	   QUARK	   0.55	   0.53	   0.54	   32	  E7	   QUARK	   0.52	   0.55	   0.53	   31	  E8	   QUARK	   0.49	   0.57	   0.53	   33	  E9	   QUARK	   0.52	   0.53	   0.52	   43	  E10	   QUARK	   0.57	   0.46	   0.51	   37	  E11	   TASSER	   0.51	   0.51	   0.51	   20	  E12	   QUARK	   0.44	   0.58	   0.51	   31	  E13	   QUARK	   0.44	   0.55	   0.50	   33	  E14	   QUARK	   0.46	   0.51	   0.48	   43	  E15	   QUARK	   0.45	   0.49	   0.47	   40	  E16	   QUARK	   0.41	   0.51	   0.46	   22	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Additional	  File	  2.1	  continued	  	   	   	   	   	   	  E17	   QUARK	   0.48	   0.44	   0.46	   42	  E18	   QUARK	   0.37	   0.52	   0.44	   35	  E19	   LOMETS	   0.42	   0.43	   0.43	   10	  E20	   QUARK	   0.32	   0.53	   0.42	   33	  E21	   TASSER	   0.41	   0.42	   0.42	   27	  E22	   TASSER	   0.38	   0.41	   0.40	   95	  E23	   LOMETS	   0.39	   0.34	   0.37	   80	  E24	   TASSER	   0.38	   0.31	   0.34	   52	  E25	   LOMETS	   0.26	   0.32	   0.29	   36	  G1	   QUARK	   0.60	   0.64	   0.62	   20	  G2	   TASSER	   0.52	   0.61	   0.56	   14	  G3	   QUARK	   0.40	   0.51	   0.45	   20	  G4	   TASSER	   0.43	   0.44	   0.44	   20	  G5	   TASSER	   0.40	   0.47	   0.43	   21	  G6	   TASSER	   0.30	   0.51	   0.41	   16	  G7	   TASSER	   0.36	   0.42	   0.39	   23	  G8	   TASSER	   0.35	   0.43	   0.39	   20	  G9	   TASSER	   0.32	   0.45	   0.38	   28	  G10	   TASSER	   0.37	   0.39	   0.38	   18	  G11	   TASSER	   0.29	   0.47	   0.38	   24	  G12	   TASSER	   0.31	   0.41	   0.36	   18	  G13	   TASSER	   0.35	   0.38	   0.36	   25	  G14	   TASSER	   0.31	   0.40	   0.36	   25	  G15	   LOMETS	   0.28	   0.43	   0.36	   23	  G16	   TASSER	   0.33	   0.38	   0.35	   17	  G17	   TASSER	   0.30	   0.38	   0.34	   18	  G18	   LOMETS	   0.33	   0.34	   0.34	   12	  G19	   LOMETS	   0.33	   0.34	   0.34	   12	  G20	   LOMETS	   0.33	   0.34	   0.34	   12	  G21	   TASSER	   0.30	   0.36	   0.33	   28	  G22	   LOMETS	   0.28	   0.38	   0.33	   20	  G23	   LOMETS	   0.28	   0.38	   0.33	   21	  G24	   LOMETS	   0.28	   0.38	   0.33	   20	  G25	   TASSER	   0.29	   0.33	   0.31	   15	  G26	   LOMETS	   0.02	   0.20	   0.11	   11	  	  FDD	  Rev	  
Model	  	   Server	   QMEAN	   ProQ2	   Avg	   Distance	  (Å)	  E1	   QUARK	   0.62	   0.52	   0.57	   35	  E2	   QUARK	   0.55	   0.55	   0.55	   34	  E3	   QUARK	   0.52	   0.56	   0.54	   39	  E4	   QUARK	   0.55	   0.52	   0.53	   30	  E5	   QUARK	   0.51	   0.55	   0.53	   35	  E6	   QUARK	   0.51	   0.55	   0.53	   34	  E7	   QUARK	   0.53	   0.51	   0.52	   33	  E8	   QUARK	   0.54	   0.49	   0.52	   38	  E9	   QUARK	   0.50	   0.53	   0.51	   25	  E10	   QUARK	   0.47	   0.54	   0.51	   32	  E11	   TASSER	   0.42	   0.51	   0.47	   92	  E12	   TASSER	   0.35	   0.46	   0.41	   89	  E13	   TASSER	   0.42	   0.38	   0.40	   63	  E14	   TASSER	   0.43	   0.35	   0.39	   88	  
 86 
Additional	  File	  2.1	  continued	  	   	   	   	   	   	  E15	   TASSER	   0.33	   0.42	   0.38	   85	  G1	   TASSER	   0.39	   0.47	   0.43	   30	  G2	   TASSER	   0.37	   0.49	   0.43	   0	  G3	   TASSER	   0.36	   0.37	   0.36	   3	  G4	   TASSER	   0.31	   0.36	   0.34	   0	  G5	   TASSER	   0.28	   0.27	   0.28	   34	  
	  
Complete	  list	  of	  elongated	  and	  globular	  models	  for	  all	  four	  sequences	  modeled	  (Revs	  165,	  135,	  ∆HVR,	  and	  FDD).	  The	  server	  from	  which	  each	  model	  was	  generated	  is	  listed.	  Each	  model’s	  quality	  scores,	  calculated	  using	  QMEAN	  and	  ProQ2,	  and	  the	  average	  of	  the	  two	  quality	  scores	  are	  also	  listed.	  The	  last	  column	  lists	  the	  calculated	  distance	  between	  ARM-­‐1	  and	  ARM-­‐2	  
a	  E:	  elongated;	  G:	  globular	  
b:	  Servers	  used	  for	  protein	  prediction	  included	  QUARK	  [35,36];	  ITASSER	  [31,33];	  LOMETS	  [44];	  and	  PROTINFO	  [45].	  	  
c	  The	  QMEAN	  model	  quality	  assessment	  server	  is	  described	  in	  [46,47]	  
d	  The	  ProQ2	  model	  quality	  assessment	  server	  is	  described	  in	  [48]	  
e	  Distance	  (in	  Ångstrom)	  was	  calculated	  for	  the	  pair	  of	  closest	  atoms	  between	  ARM-­‐1	  and	  ARM-­‐2.	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Table	  4:	  Additional	  File	  2.2.	  Accession	  codes	  and	  sequences	  of	  the	  EIAV	  Rev	  central	  region	  
GenBank	  ID	   Sequence	  (aa	  76-­‐120)	  AAP34939	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34940	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34941	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34942	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34943	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34944	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34945	   GRDRWIRGQILxQAEVLQERLEWRIRGVQQAAKEL	  AAP34946	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	  AAP34947	   RRDRWIRGQILQAEVLQERLGWRIRGVQQAAKEL	  AAP34948	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34949	   RRDRWIRGQILQAEILQERLEWRIRGVQQAAKEL	  AAP34950	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34951	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34952	   RRDRWIRGQILQAEILQERLEWRIRGVQQAAKEL	  AAP34953	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34954	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34955	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34956	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAB59743	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  ADK35796	   RRDSWIRGQVQHAEVLQEQLKWRIRGVQQTAKEL	  ADK35802	   RRDSWIRGQVQHAEVLQEQLKWRIRGVQQTAKEL	  ADK35819	   RRDSWIRGQVQHAEVLQEQLKWRIRGVQQTAKEL	  ADK35843	   RRDSWIRGQVQHAEVLQEQLKWRIRGVQQTAKEL	  ADK35849	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTTKEL	  ADK35855	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADK35861	   RRDSWLRGQVQHAEALQEQLEWRIREVQQTAKEL	  ADK35867	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  AAG53156	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53164	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53166	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53168	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53170	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAEEL	  AAG53172	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53174	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKGL	  AAG53186	   RRDRWIREQILQAEVLQERLEWRIKGVQQVAKEL	  AAG53192	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53194	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53196	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53198	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	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Additional	  File	  2.2	  continued	  AAG53200	   RRDRWIRKQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53202	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53204	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53206	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53208	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53210	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53212	   RRDRWIGEQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53214	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53216	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53218	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53220	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53228	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53230	   RRDRWIREQILQAEVLQERLEWRIKGVQQVAKEL	  AAG53232	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53234	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53236	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53238	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53240	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53242	   RRDRWTREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53244	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53246	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53248	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53250	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53252	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53254	   RRDRWIREQILRAEVLQERLEWRIRGVQQVAKEL	  AAG53256	   GRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53258	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53260	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53262	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53264	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53266	   RRDRWIREQVLQAEVLQERLEWRIRGVQQVAKEL	  AAG53278	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53280	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53282	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAG53284	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAG53286	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53288	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53290	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53292	   RRDRWIREQVLQAEVLQERLEWRIRGVQQVAKEL	  AAG53294	   RRDRWIREQVLQAEVLQERLEWRIRGVQQVAKEL	  AAG53296	   RRDRWIREQILQAEVLQERLEWRVRGVQQVAKEL	  AAG53300	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	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  File	  2.2	  continued	  AAG53304	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53306	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53310	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53312	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAG53320	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53322	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53324	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53326	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53328	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53330	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53334	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAG53336	   RRDRWIRGQILQAEVLQERLEWRIREVQQVAKEL	  AAG53338	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAG53340	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53342	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53344	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53346	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53348	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53350	   RRDRWIREQILQAEVLQERLEWRIKGVQQVAKEL	  AAG53352	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53354	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53356	   RRDRWIREQILQAEVLQERLEWRVRGVQQVAKEL	  AAG53358	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53376	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAG53378	   RRDRWIREQILQAEVLQERLEWRVRGVQQAAKEL	  AAG53380	   RRDRWIREQILRAEVLQERLEWRIRGVQQAAKEL	  AAG53384	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	  AAG53386	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAG53388	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAG53390	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAA43006	   RRDRWIRGQILQTEVLQERLEWRIRGVQQAAKEL	  AFW99168	   KRERWLRGQIQQAESLQEQLEWRIRGVQQSAEAL	  AFW99174	   KRERWLRGKIQQAESLQEQLEWRIRGVQQSAEAL	  AFW99180	   KRERWLRGQIQQAESLQEQLEWRIRGVQQSAEAL	  AFW99186	   KRERWLRGQIQQAESLQEQLEWRIRGVQQSAEAL	  AAF28732	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	  AAC03765	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAC24019	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAC24025	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	  AAF28723	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	  AAF28725	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAF28726	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	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Additional	  File	  2.2	  continued	  AAF28728	   RRDRWIRGQAEVLQERLEWRIRGVQQVAKEL	  AAF28729	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	  AAF28731	   RRDRWIRGQILQAEVLQERLEWRIRGVQQVAKEL	  AFW99519	   KRERWLRGQIQQAESLQEQLEWRIRGVQQSAEAL	  AFW99517	   KRERWLRGQIQQAESLQEQLEWRIRGVQQSAEAL	  AFW99515	   KRERWLRGQIQQAESLQEQLEWRIRGVQQSAKAL	  AFW99513	   KRERWLRGQIQQAESLQEQLEWRIRGVQQSAEAL	  AFW99511	   KRERWLRGQIQQAESLQEQLEWRIRGVQQSAEAL	  AFW99509	   RRERWLRGKIQQAESLQEQLEWRIRGVQQSAKAL	  AFW99507	   KRERWLRGKIQQAESLQEQLEWRIRGVQQSAEAL	  AFW99505	   KRERWLRGQIQLAESLQEQLEWRIRGVQQSAEAL	  AFW99503	   RRERWLRGQIQQAESLQEQLEWRIRGVQQSAEAL	  AFW99501	   KRERWLRGQIQQAESLQEQLEWRIRGVQQSAKAL	  AFV61765	   KRDRWLRGRIQHAEQLQEQLEWRLKGVRQTAEAL	  AAP35004	   RRDRWIRGQILRAEVLQERLEWRIRGVQQAAKEL	  AAP34999	   RRDRWIRGQILRAEVLQERLDWRIRGVQQAAKEL	  AAP34996	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34995	   RRDRWIRGQILQAEVLQERLGWRIRGVQQAAKEL	  AAP34994	   RRDRWIRGQILQAEVLQERLGWRIRGVQQAAKEL	  AAP34993	   RRDRWIRGQILQAEVLQERLGWRIRGVQQAAKEL	  AAP34992	   RRDRWIRGQILQAEVLQERLGWRIRGVQQAAKEL	  AAP34981	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34980	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34979	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAP34978	   RRDRWIRGQILQAEVLQERLEWRIRGVQRTAKEL	  AAM77610	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14838.2	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAO14773.2	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14860	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14858	   RRDRWIRERILQAEVLQERLEWRIRGVQQAAKEL	  AAO14856	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14854	   RRDRWIREQILQTEVLQERLEWRIRGVQQAAKEL	  AAO14852	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAO14844	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAO14842	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14840	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAO14836	   RRDRWIREQILQAEVLQERLEWRIRGVQQAVKEL	  AAO14830	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14828	   RRDRWIREQILQAEGLQERLEWRIRGVQQAAKEL	  AAO14818	   RRDRWIREQVLQAEVLQERLEWRIRGVQQAAKEL	  AAO14817	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAO14815	   RRDRWIREQILQTEILQERLEWRIRGVQQAAKEL	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  File	  2.2	  continued	  AAO14813	   RRDRWIREQILQAEVLQERLEWKIRGVQQAAKEL	  AAO14802	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14796	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKKL	  AAO14794	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14792	   RRDRWIREQILQTEVLQERLEWRIRGVQQAAKEL	  AAO14777	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14771	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14767	   RHDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14765	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAO14764	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAO14762	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  AAO14758	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  AAO14756	   RRDRWIREQILQAEVLQERLEWRIRGVQQVAKEL	  ADU02723	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADU02711	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADU02705	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADU02699	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADU02692	   RRDSWIRGQVQLAEALQEQLEWRIRGVQQTAKEL	  ADU02686	   RRDSWIRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADU02680	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADU02674	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTTKEL	  ADU02668	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADU02662	   RRDSWIRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADU02656	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADU02650	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  ADU02644	   RRDSWLRGQVQHAEAPQEQLEWRTRGVQQTAKEL	  ADU02638	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  AAB02404	   RRDRWIRGQILQTEVLQERLEWRIRGVQQAAKEL	  AAG02705	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAA43027	   RRDRWIRGQILQAEVLQERLEWRIRGVQQAAKEL	  AAK21116	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  AAK21110	   RRDSWLRGQVQHAEALQEQLEWRIRGVQQTAKEL	  BAB12114	   RRDRWIREQLLQAEVLQERLEWRIRGVQQAAKEL	  BAB12108	   RRDRWIREQILQAEVLQERLEWRIRGVQQAAKEL	  	  
Complete	  list	  of	  sequences	  and	  GenBank	  accession	  numbers	  for	  the	  EIAV	  Rev	  central	  region	  (residues	  76-­‐120,	  based	  on	  EIAV	  R1)	  used	  for	  generating	  WebLogo	  of	  the	  coiled-­‐coil	  motif.	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Abstract	  
Background:	  Retroviral	  Rev-­‐like	  proteins	  are	  regulators	  of	  gene	  expression	  that	  mediate	  nuclear	  export	  of	  unspliced	  and	  incompletely	  spliced	  viral	  mRNAs.	  Rev-­‐like	  proteins	  are	  present	  in	  all	  lentiviruses,	  deltaretroviruses,	  and	  a	  few	  betaretroviruses.	  To	  fulfill	  RNA	  nuclear	  export,	  Rev-­‐like	  proteins	  bind	  a	  structured	  target	  element	  in	  the	  viral	  genome,	  oligomerize,	  and	  recruit	  the	  host	  cellular	  export	  factor,	  Crm1.	  The	  Rev	  protein	  of	  equine	  infectious	  anemia	  virus	  (EIAV)	  differs	  from	  HIV-­‐1	  Rev	  in	  terms	  of	  organization	  of	  functional	  domains	  and	  the	  presence	  of	  a	  bipartite	  RNA	  binding	  domain	  (RBD).	  In	  addition	  to	  these	  differences,	  we	  recently	  found	  that	  EIAV	  Rev	  contains	  a	  coiled-­‐coil	  dimerization	  motif	  not	  found	  in	  HIV-­‐1	  Rev.	  It	  is	  not	  known	  whether	  other	  retroviral	  Rev-­‐like	  proteins	  share	  a	  similar	  coiled-­‐coil	  motif.	  To	  determine	  the	  extent	  of	  shared	  structural	  features	  among	  retroviral	  Rev-­‐like	  proteins,	  we	  performed	  a	  comparative	  analysis	  of	  predicted	  secondary	  structural	  elements	  in	  a	  phylogenetics	  framework.	  	  
Results:	  A	  common	  domain	  architecture	  was	  found	  in	  all	  Rev-­‐like	  proteins	  analyzed,	  with	  the	  single	  exception	  of	  EIAV	  Rev.	  In	  addition,	  the	  target	  RNA	  binding	  site	  of	  all	  Rev-­‐like	  proteins	  was	  located	  in	  the	  3’	  half	  of	  the	  viral	  genome.	  Most	  Rev-­‐like	  proteins	  contained	  two	  or	  more	  alpha-­‐helical	  regions.	  A	  notable	  exception	  was	  the	  Rex	  proteins	  of	  deltaretroviruses,	  which	  lack	  predicted	  alpha	  helices	  or	  beta	  sheets.	  	  A	  common	  pattern	  of	  two	  N-­‐terminal	  alpha	  helices	  was	  observed	  among	  Rev	  proteins	  of	  the	  primate	  lentiviruses.	  The	  Rev	  proteins	  of	  non-­‐primate	  lentiviruses	  and	  the	  Rev-­‐like	  proteins	  of	  betaretroviruses	  contained	  more	  alpha	  helical	  segments.	  Coiled-­‐coils	  were	  found	  in	  all	  lentivirus	  Rev	  groups	  but	  not	  in	  all	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members	  of	  each	  group.	  Coiled-­‐coils	  were	  also	  found	  in	  two	  betaretrovirus	  Rev-­‐like	  proteins;	  in	  contrast,	  coiled-­‐coils	  were	  not	  found	  in	  any	  of	  the	  Rex	  proteins	  of	  deltaretroviruses.	  Ancestral	  reconstruction	  of	  coiled-­‐coils	  for	  all	  Rev-­‐like	  proteins	  suggests	  a	  single	  origin	  followed	  by	  two	  major	  losses,	  leading	  to	  the	  absence	  of	  coiled-­‐coils	  in	  some	  lentivirus	  groups	  and	  in	  all	  deltaretroviruses.	  	  
Conclusion:	  Our	  results	  reveal	  similarities	  among	  Rev-­‐like	  proteins	  despite	  significant	  sequence	  divergence,	  a	  possible	  result	  of	  common	  ancestry.	  The	  fact	  that	  coiled-­‐coils	  are	  maintained	  across	  divergent	  Rev-­‐like	  proteins	  suggests	  they	  play	  an	  important	  role	  in	  function,	  presumably	  protein-­‐protein	  interactions	  including	  oligomerization.	  Some	  retroviruses,	  including	  HIV-­‐1,	  may	  have	  evolved	  alternate	  sequences	  to	  replace	  coiled-­‐coil	  sequences	  in	  their	  respective	  Rev-­‐like	  proteins.	  	  
Background	  Retroviruses	  are	  classified	  into	  2	  subfamilies:	  Orthoretrovirinae	  and	  
Spumaretrovirinae.	  The	  Orthoretrovirinae	  subfamily	  comprises	  the	  alpha,	  beta,	  delta,	  gamma	  and	  epsilonretroviruses,	  as	  well	  as	  lentiviruses.	  Spumaretrovirinae	  contains	  only	  one	  genus,	  the	  spumaviruses.	  All	  retroviral	  genomes	  contain	  gag,	  pol,	  and	  env	  genes,	  which	  encode	  structural,	  enzymatic,	  and	  glycoproteins,	  respectively.	  Some	  retroviruses	  contain	  additional	  regulatory	  and/or	  accessory	  genes.	  Rev-­‐like	  proteins	  are	  functionally	  analogous	  retroviral	  regulatory	  proteins	  that	  facilitate	  nuclear	  export	  of	  unspliced	  and	  incompletely	  spliced	  retroviral	  mRNAs.	  All	  lentiviruses	  and	  deltaretroviruses	  encode	  Rev-­‐like	  proteins,	  termed	  Rev	  and	  Rex	  [1,2],	  respectively.	  Three	  betaretroviruses,	  mouse	  mammary	  tumor	  virus	  (MMTV),	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Jaagsitke	  sheep	  retrovirus	  (JSRV),	  and	  the	  human	  endogenous	  retrovirus	  type	  K	  (HERV-­‐K	  HML2),	  also	  encode	  Rev-­‐like	  proteins,	  termed	  Rem,	  Rej,	  and	  Rec,	  respectively	  [3–6].	  	  Rev-­‐like	  proteins	  are	  thought	  to	  have	  similar	  mechanisms	  of	  function	  despite	  having	  low	  sequence	  identity	  (<30%).	  HIV-­‐1	  Rev	  binds	  a	  target	  site	  in	  the	  HIV-­‐1	  genome,	  termed	  the	  Rev-­‐responsive	  elements	  (RRE),	  oligomerizes	  along	  the	  RNA,	  and	  associate	  with	  the	  Crm1	  cellular	  export	  machinery	  to	  mediate	  nuclear	  export	  of	  viral	  RNAs.	  Specific	  motifs	  in	  Rev-­‐like	  proteins	  mediate	  distinct	  steps	  in	  the	  nuclear	  export	  pathway.	  These	  include	  a	  nuclear	  export	  signal	  (NES),	  which	  mediates	  interaction	  with	  Crm1,	  and	  an	  arginine-­‐rich	  motif	  (ARM)	  comprising	  a	  nuclear	  localization	  signal	  (NLS)	  and	  an	  RNA-­‐binding	  domain	  (RBD),	  which	  mediate	  interactions	  with	  host	  import	  factors	  and	  the	  RNA	  target,	  respectively.	  In	  addition,	  oligomerization	  domains	  have	  been	  identified	  in	  several	  well-­‐characterized	  Rev-­‐like	  proteins	  [1,2].	  Despite	  difficulties	  in	  experimentally	  characterizing	  the	  structure	  of	  Rev-­‐like	  proteins,	  arising	  from	  insolubility	  and	  aggregation	  problems,	  two	  partial	  x-­‐ray	  crystal	  structures	  of	  HIV-­‐1	  Rev	  were	  recently	  solved	  [7,8].	  These	  structures	  encompass	  the	  N-­‐terminal	  half	  of	  Rev,	  including	  the	  ARM	  and	  oligomerization	  domains,	  but	  not	  the	  C-­‐terminal	  half,	  which	  is	  intrinsically	  disordered.	  Rev	  monomers	  were	  shown	  to	  adopt	  a	  helix-­‐turn-­‐helix	  topology	  with	  the	  RNA	  binding	  domain	  located	  within	  the	  first	  alpha	  helix.	  Two	  Rev	  monomers	  form	  a	  V-­‐shaped	  dimer	  that	  is	  believed	  to	  “grasp”	  high	  affinity	  sites	  in	  RRE	  [7,9].	  The	  HIV-­‐1	  RRE	  structure	  has	  also	  been	  extensively	  characterized	  and	  the	  most	  recent	  structures	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obtained	  by	  SAXS	  indicate	  that	  it	  adopts	  an	  A-­‐like	  topology,	  complementary	  to	  the	  V-­‐shaped	  HIV-­‐1	  Rev	  dimer	  [10].	  Structural	  constraints	  of	  the	  V-­‐shaped	  Rev	  dimer	  in	  conjunction	  with	  the	  A-­‐shaped	  RRE	  is	  the	  proposed	  underlying	  mechanism	  driving	  Rev’s	  ability	  to	  selectively	  bind	  its	  target	  RNA	  from	  a	  pool	  of	  cellular	  substrates	  [7,10].	  	  EIAV	  Rev	  contains	  a	  novel	  bipartite	  RNA	  binding	  domain	  comprising	  two	  arginine-­‐rich	  motifs	  (ARM-­‐1	  and	  ARM-­‐2)	  separated	  by	  79	  amino	  acids	  (aa)	  in	  the	  primary	  sequence.	  An	  initial	  structural	  model	  suggested	  ARM-­‐1	  and	  ARM-­‐2	  were	  juxtaposed	  on	  the	  Rev	  monomer	  [11];	  however,	  more	  recent	  results	  suggest	  that	  coiled-­‐coil	  interactions	  mediate	  Rev	  dimerization,	  which	  juxtaposes	  ARM-­‐1	  and	  ARM-­‐2	  for	  RNA	  binding	  (Chapter	  2).	  The	  coiled-­‐coil	  motif	  identified	  in	  EIAV	  Rev	  comprises	  heptad	  repeats	  of	  periodically	  spaced	  hydrophobic	  and	  hydrophilic	  residues,	  similar	  to	  coiled-­‐coils	  that	  mediate	  oligomerization	  in	  proteins	  containing	  the	  leucine	  zipper	  [12–14].	  The	  presence	  of	  coiled-­‐coil	  motifs	  has	  not	  been	  reported	  for	  HIV-­‐1	  Rev	  and	  it	  is	  unknown	  whether	  other	  Rev-­‐like	  proteins	  contain	  this	  structural	  feature.	  To	  enhance	  our	  understanding	  of	  structural	  diversity	  among	  the	  functionally	  analogous	  Rev-­‐like	  proteins,	  we	  undertook	  a	  comparative	  analysis	  of	  protein	  architecture	  and	  predicted	  secondary	  structural	  elements	  for	  all	  Rev-­‐like	  proteins.	  The	  results	  were	  evaluated	  in	  a	  phylogenetic	  context	  to	  infer	  underlying	  evolutionary	  relationships.	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Reconstruction	  of	  retrovirus	  phylogeny	  	  A	  retrovirus	  phylogenetic	  tree	  was	  constructed	  from	  Pol	  amino	  acid	  sequences	  (see	  Additional	  file	  3.1)	  to	  infer	  evolutionary	  relatedness	  among	  members	  that	  encoded	  Rev-­‐like	  proteins.	  Our	  analysis	  comprised	  sequences	  from	  each	  of	  the	  seven	  genera	  of	  retroviruses,	  based	  on	  the	  ICTV	  2013	  Retrovirus	  Master	  Species	  List	  (http://www.ictvonline.org/virusTaxonomy.asp).	  Phylogenetic	  reconstruction	  was	  performed	  by	  Bayesian	  inference	  as	  implemented	  by	  MrBayes	  (see	  Methods).	  The	  consensus	  tree	  (Figure	  3.1)	  is	  completely	  consistent	  with	  retrovirus	  taxonomy,	  with	  a	  bifurcation	  separating	  the	  spumaretrovirus	  subfamily	  from	  the	  orthoretroviruses.	  Furthermore,	  all	  seven	  retrovirus	  genera	  grouped	  unambiguously	  and	  there	  were	  no	  overlaps.	  Apart	  from	  two	  instances,	  the	  posterior	  probability	  at	  each	  node	  was	  at	  least	  92%.	  All	  Rev-­‐encoding	  members	  (beta,	  delta,	  and	  lentiviruses)	  and	  the	  alpharetroviruses	  formed	  a	  monophyletic	  group,	  while	  the	  epsilon	  and	  gammaretroviruses	  formed	  a	  separate	  monophyletic	  group	  (Figure	  3.1).	  Among	  Rev-­‐encoding	  retroviruses,	  the	  beta	  and	  deltaretroviruses	  are	  more	  closely	  related	  to	  each	  other	  than	  to	  the	  lentiviruses.	  	  	  
Domain	  architecture	  of	  Rev-­‐like	  proteins	  and	  genomic	  location	  of	  Rev-­‐like	  
response	  elements	  To	  determine	  whether	  Rev-­‐like	  proteins	  share	  fundamental	  features	  reflective	  of	  their	  shared	  function,	  we	  examined	  the	  domain	  architecture,	  defined	  as	  the	  sequential	  order	  of	  conserved	  domains	  in	  proteins	  [15].	  Although	  the	  length	  of	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Rev-­‐like	  proteins	  varied	  considerably	  across	  different	  groups,	  a	  common	  domain	  architecture	  in	  which	  the	  NES	  is	  located	  downstream	  of	  the	  ARM	  was	  found	  in	  all	  Rev-­‐like	  proteins	  except	  EIAV	  Rev	  (Figure	  3.2A).	  EIAV	  Rev	  is	  unique	  in	  that	  the	  NES	  is	  located	  upstream	  of	  the	  ARM,	  in	  the	  N-­‐terminal	  half	  of	  the	  protein.	  Additionally,	  EIAV	  Rev	  contains	  a	  bipartite	  RNA	  binding	  domain,	  not	  present	  in	  any	  other	  Rev-­‐like	  protein.	  The	  deltaretrovirus	  Rex	  proteins	  contain	  an	  additional	  stability/shuttling	  domain	  in	  the	  C-­‐terminus	  that	  has	  not	  been	  reported	  for	  other	  Rev-­‐like	  proteins	  [16].	  	   In	  all	  Rev-­‐like	  proteins,	  the	  location	  of	  the	  target	  Rev-­‐like	  response	  element,	  collectively	  termed	  the	  RvRE	  for	  simplicity,	  is	  always	  located	  in	  the	  3’	  half	  of	  the	  cognate	  genomes	  (Figure	  3.2B).	  In	  lentiviruses,	  the	  RvRE	  is	  located	  in	  the	  env	  gene	  proximal	  to	  the	  SU/TM	  junction.	  Exceptions	  are	  the	  EIAV	  RRE,	  located	  right	  at	  the	  5’	  end	  of	  env,	  and	  the	  RREs	  of	  FIV	  and	  the	  endogenous	  ferret	  lentivirus,	  mELV,	  which	  are	  located	  at	  the	  very	  3’	  end	  of	  env	  [17,18].	  In	  betaretroviruses,	  the	  RvRE	  resides	  within	  the	  3’	  LTR	  or	  straddles	  env	  and	  the	  3’	  LTR.	  Therefore,	  with	  respect	  to	  proximity	  to	  the	  3’	  LTR,	  the	  RRE	  location	  of	  FIV	  and	  mELV	  are	  more	  similar	  to	  that	  of	  the	  betaretroviruses	  than	  other	  lentiviruses.	  In	  deltaretroviruses,	  the	  RxRE	  is	  found	  in	  the	  3’	  LTR.	  In	  all,	  there	  is	  more	  variation	  in	  the	  location	  of	  the	  RvRE	  than	  was	  observed	  in	  the	  domain	  architecture	  of	  Rev-­‐like	  proteins.	  Together,	  these	  results	  demonstrate	  that	  Rev-­‐like	  proteins	  share	  similarities	  at	  an	  overall	  protein	  organization	  level	  as	  well	  as	  in	  the	  location	  of	  the	  RvRE	  in	  the	  cognate	  viral	  genomes.
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and	  lentiviruses)	  and	  the	  alpharetroviruses	  form	  a	  monophyletic	  group,	  and	  the	  epsilon	  and	  gammaretroviruses	  formed	  a	  separate	  group.	  Among	  Rev-­‐encoding	  retroviruses,	  betaretroviruses	  and	  deltaretroviruses	  are	  more	  closely	  related	  to	  each	  other	  than	  to	  the	  lentiviruses.	  	  
Secondary	  structural	  elements	  in	  Rev	  proteins	  of	  primate	  lentiviruses	  To	  determine	  whether	  common	  patterns	  also	  exist	  at	  the	  level	  of	  Rev	  protein	  secondary	  structure,	  we	  examined	  the	  distribution	  of	  predicted	  alpha	  helices,	  beta	  sheets,	  and	  coiled-­‐coil	  motifs	  across	  all	  Rev-­‐like	  proteins.	  In	  all	  primate	  lentivirus	  Rev	  proteins,	  two	  conserved	  alpha	  helices	  are	  observed	  in	  the	  N-­‐terminal	  half	  (Figure	  3.3).	  The	  first	  helix	  extends	  into	  the	  N-­‐terminal	  oligomerization	  domain	  while	  the	  second	  helix	  encompasses	  both	  the	  arginine-­‐rich	  motif	  and	  the	  downstream	  oligomerization	  domain	  (domains	  not	  shown).	  The	  prediction	  of	  two	  helices	  in	  the	  N-­‐terminal	  half	  of	  the	  protein	  is	  consistent	  with	  the	  crystal	  structure	  of	  the	  HIV-­‐1	  Rev	  monomer,	  which	  adopts	  a	  helix-­‐turn-­‐helix	  motif	  [7].	  An	  additional	  alpha	  helical	  region	  overlapping	  the	  NES	  is	  found	  in	  HIV-­‐2	  Rev	  as	  well	  as	  some	  SIV	  Rev	  groups.	  Predicted	  coiled-­‐coil	  motifs	  (underlined	  in	  Figure	  3.3)	  were	  identified	  in	  a	  number	  of	  primate	  lentivirus	  Rev	  proteins,	  although	  their	  distribution	  varied	  across	  the	  different	  groups.	  In	  HIV-­‐1,	  coiled-­‐coils	  were	  predicted	  only	  in	  groups	  N	  and	  O,	  but	  were	  not	  found	  within	  group	  M.	  In	  contrast,	  all	  HIV-­‐2	  Rev	  sequences	  were	  predicted	  to	  contain	  coiled-­‐coils.	  For	  SIV,	  coiled-­‐coils	  were	  found	  in	  about	  half	  of	  the	  Rev	  sequences	  analyzed.	  When	  present,	  coiled-­‐coil	  motifs	  were	  found	  in	  regions	  known	  to	  mediate	  protein-­‐protein	  interactions,	  including	  oligomerization	  domains	  and	  the	  NES	  (not	  shown).	  Some	  SIV	  Rev	  sequences	  also	  contained	  coiled-­‐coils	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overlapping	  the	  ARM.	  In	  all,	  these	  results	  reveal	  a	  distinct	  alpha	  helical	  signature	  in	  the	  Rev	  proteins	  of	  primate	  lentiviruses.	  The	  finding	  that	  that	  coiled-­‐coils	  are	  a	  common	  feature	  within	  specific	  groups	  suggests	  they	  may	  be	  homologous	  structures	  with	  a	  common	  origin.	  	  
	  
Figure	  3.	  2:	  Rev-­‐like	  protein	  Domain	  architecture	  and	  location	  of	  RNA	  targets	  A.	  Summary	  of	  organization	  of	  the	  NES	  and	  ARMs	  in	  Rev-­‐like	  proteins,	  as	  obtained	  from	  a	  comprehensive	  survey	  of	  characterized	  Rev-­‐like	  proteins	  in	  the	  literature	  [1,2,16–48].	  The	  NES	  and	  
25#aa#
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ARM	  of	  most	  Rev-­‐like	  proteins	  have	  been	  confirmed	  experimentally.	  Although,	  the	  length	  of	  Rev-­‐like	  proteins	  varies	  considerably	  across	  different	  members,	  a	  common	  domain	  architecture	  is	  evident.	  With	  the	  exception	  of	  EIAV	  Rev,	  the	  NES	  of	  all	  Rev-­‐like	  proteins	  is	  found	  downstream	  of	  the	  ARM.	  	  EIAV	  Rev	  is	  also	  unique	  in	  terms	  of	  the	  presence	  of	  a	  bipartite	  RNA	  binding	  domain.	  The	  deltaretrovirus	  Rex	  proteins	  have	  a	  stability/shuttling	  domain	  not	  identified	  in	  other	  Rev-­‐like	  proteins.	  The	  functional	  domains	  of	  the	  Rev	  proteins	  of	  the	  endogenous	  lentiviruses,	  RELIK,	  pSIV,	  and	  mELV,	  are	  inferred	  by	  similarity	  to	  Rev	  proteins	  of	  exogenous	  lentiviruses.	  B.	  Summary	  of	  the	  location	  of	  the	  RNA	  targets	  of	  Rev-­‐like	  proteins	  (RvRE	  for	  simplicity)	  in	  the	  cognate	  proviral	  sequences.	  The	  RvRE	  of	  lentiviruses	  segregate	  within	  the	  env	  gene,	  although	  the	  specific	  location	  varies.	  The	  location	  of	  the	  EIAV	  RvRE	  at	  the	  5’	  end	  of	  env	  is	  markedly	  different	  from	  other	  lentiviruses.	  The	  location	  of	  FIV	  and	  mELV	  RvRE	  is	  also	  atypical	  among	  lentiviruses,	  residing	  at	  the	  3’	  end	  of	  env	  in	  a	  similar	  manner	  to	  the	  RvRE	  of	  betaretroviruses.	  The	  RvRE	  of	  betaretroviruses	  resides	  at	  the	  3’	  end	  of	  env,	  in	  the	  3’	  LTR,	  or	  flanking	  both.	  The	  RvRE	  of	  deltaretroviruses	  are	  all	  located	  within	  the	  3’	  LTR.	  To	  fit	  MMTV	  Rem,	  which	  is	  unusually	  long	  (~300aa),	  onto	  the	  page,	  the	  middle	  section	  is	  not	  shown	  (indicated	  by	  a	  double	  diagonal	  cut).	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to	  adopt	  coiled-­‐coils	  are	  underlined	  in	  black.	  Two	  major	  alpha	  helices	  are	  present	  in	  all	  groups.	  A	  third	  minor	  alpha	  helix	  is	  present	  in	  HIV-­‐2	  and	  some	  SIV	  Rev	  sequences.	  The	  C-­‐terminal	  half	  of	  a	  majority	  of	  primate	  lentivirus	  Revs	  are	  absent	  in	  alpha	  helices	  or	  beta	  sheets.	  Coiled-­‐coils	  are	  differentially	  distributed	  across	  the	  primate	  Rev	  sequences.	  Coiled-­‐coils	  are	  predicted	  only	  for	  group	  N	  and	  O	  in	  HIV-­‐1	  Rev.	  All	  HIV-­‐2	  Rev	  sequences	  analyzed	  contained	  coiled-­‐coils,	  and	  about	  half	  of	  the	  SIV	  Rev	  sequences	  were	  predicted	  to	  contain	  coiled-­‐coils.	  	  
	  
HIV-­‐1/SIV	  lineages	  contain	  Rev	  proteins	  without	  coiled-­‐coils;	  HIV-­‐2/SIV	  
lineages	  contain	  Rev	  proteins	  with	  coiled-­‐coils	  	  Although	  all	  primate	  lentiviruses	  display	  a	  similar	  pattern	  of	  alpha	  helices	  in	  the	  N-­‐terminal	  half	  of	  Rev,	  they	  differed	  with	  respect	  to	  the	  presence/absence	  of	  predicted	  coiled-­‐coil	  motifs.	  Analysis	  in	  the	  context	  of	  a	  Pol-­‐based	  tree	  of	  primate	  lentiviruses	  (Figure	  3.4),	  reveals	  that	  the	  presence	  of	  coiled-­‐coils	  segregates	  along	  select	  phylogenetic	  groups:	  african	  green	  monkeys,	  sooty	  mangabey,	  macaque,	  drill,	  red	  capped	  mangabey,	  debrazzas,	  and	  sabaeus	  monkeys	  are	  predicted	  to	  contain	  coiled-­‐coils.	  Other	  groups,	  such	  as	  Mona	  monkeys	  exhibited	  differential	  distribution	  of	  coiled-­‐coils,	  with	  only	  some	  members	  predicted	  to	  contain	  coiled-­‐coils.	  
 112	  
	  

































































































































































SIVcpz).	  Most	  members	  of	  the	  SIVcpz/HIV-­‐1	  lineage	  are	  not	  predicted	  to	  contain	  C-­‐Cs;	  in	  contrast,	  members	  of	  the	  SIVsmm/HIV-­‐2	  lineage	  are	  all	  predicted	  to	  contain	  C-­‐Cs.	  	  	  As	  observed	  in	  other	  primate	  phylogenies	  [51,52],	  HIV-­‐1	  and	  SIVcpz,	  and	  HIV-­‐2	  and	  SIVsmm	  form	  distinct	  monophyletic	  groups.	  Notably,	  Rev	  proteins	  belonging	  to	  the	  SIVcpz/HIV-­‐1	  group	  are	  not	  predicted	  contain	  coiled-­‐coils	  (with	  the	  exception	  of	  HIV-­‐1	  group	  N	  and	  O	  members)	  whereas,	  Rev	  proteins	  of	  the	  SIVsmm/HIV-­‐2	  group	  are	  all	  predicted	  to	  contain	  coiled-­‐coils.	  Thus,	  it	  appears	  that	  HIV-­‐1	  descended	  from	  SIVs	  that	  lacked	  predicted	  coiled-­‐coils	  in	  Rev,	  while	  HIV-­‐2	  descended	  from	  SIVs	  that	  contain	  coiled-­‐coils	  in	  Rev.	  This	  suggests	  that,	  the	  differential	  distribution	  of	  coiled-­‐coils	  in	  HIV-­‐1	  and	  HIV-­‐2	  Rev	  is	  due	  to	  their	  SIV	  ancestry.	  The	  conservation	  of	  coiled-­‐coil	  motifs	  in	  some,	  but	  not	  all,	  primate	  lentivirus	  lineages	  indicates	  that	  this	  structural	  motif	  may	  have	  been	  acquired,	  or	  lost,	  at	  some	  point	  in	  the	  evolution	  of	  primate	  lentiviruses.	  	  Interestingly,	  SIVcol,	  which	  appears	  to	  be	  an	  ancestral	  primate	  lentivirus	  on	  the	  Pol-­‐based	  phylogenetic	  tree,	  is	  predicted	  to	  contain	  coiled-­‐coils,	  raising	  the	  possibility	  that	  the	  presence	  of	  coiled-­‐coils	  could	  be	  an	  ancestral	  feature	  of	  primate	  lentivirus	  Rev	  proteins.	  	  
Secondary	  structural	  features	  of	  other	  Rev-­‐like	  proteins	  	  The	  analyses	  of	  primate	  lentivirus	  Rev	  proteins	  suggested	  structural	  features	  might	  also	  be	  shared	  among	  phylogenetically	  related	  viruses.	  Therefore,	  we	  examined	  predicted	  structural	  elements	  in	  Rev-­‐like	  proteins	  of	  other	  retroviruses	  (Figure	  3.5).	  Rev	  proteins	  of	  non-­‐primate	  lentiviruses	  contain	  at	  least	  four	  alpha	  helical	  regions.	  EIAV	  Rev	  is	  predicted	  to	  contain	  the	  most	  number	  of	  alpha	  helices	  
 114	  
(five).	  FIV,	  BIV,	  and	  EIAV	  Rev	  contain	  a	  long	  alpha	  helices	  located	  in	  the	  central	  region	  of	  the	  protein.	  The	  betaretrovirus	  Rev-­‐like	  proteins	  contain	  between	  two	  and	  four	  alpha	  helices.	  Rex	  protein	  of	  deltaretroviruses	  are	  predicted	  to	  have	  little	  to	  no	  alpha	  helices	  or	  beta	  sheets	  (Figure	  3.5).	  	  	  Interestingly,	  predicted	  coiled	  coil	  motifs	  are	  found	  in	  the	  Rev	  proteins	  of	  all	  non-­‐primate	  lentivirus	  groups,	  although	  some	  small	  ruminant	  lentiviruses	  (SRLV)	  members	  are	  not	  predicted	  to	  contain	  coiled-­‐coils.	  Within	  the	  SLRV,	  coiled-­‐coils	  are	  more	  prevalent	  in	  the	  visna	  virus	  Revs	  compared	  to	  the	  CAEV	  Revs	  (not	  shown).	  There	  is	  a	  single	  coiled-­‐coil	  in	  the	  C-­‐terminal	  half	  of	  Rev	  sequences	  of	  EIAV,	  BIV,	  and	  some	  CAEV	  while	  FIV	  Rev	  is	  predicted	  to	  contain	  two	  coiled-­‐coils,	  one	  in	  the	  N-­‐terminal	  half	  and	  the	  other	  in	  the	  C-­‐terminal	  half.	  	  Coiled-­‐coil	  motifs	  overlap	  known	  functional	  domains	  in	  FIV	  and	  BIV	  Rev,	  including	  the	  ARM	  and	  NES	  (not	  shown).	  In	  EIAV	  Rev,	  the	  coiled-­‐coil	  motif	  is	  predicted	  to	  overlap	  a	  dimerization	  domain	  (see	  Chapter	  2).	  For	  betaretrovirus	  Rev-­‐like	  proteins,	  MMTV	  Rem	  and	  HERV-­‐K	  Rec,	  are	  predicted	  to	  contain	  coiled-­‐coils	  (Figure	  3.5);	  the	  coiled-­‐coil	  motif	  in	  HERV-­‐K	  Rec	  overlaps	  the	  NES,	  while	  that	  of	  MMTV	  Rem	  overlaps	  the	  ARM	  (not	  shown).	  As	  expected,	  based	  on	  absence	  of	  predicted	  alpha	  helices,	  none	  of	  the	  deltaretrovirus	  Rex	  proteins	  are	  predicted	  to	  contain	  coiled-­‐coil	  motifs.	  	  A	  Pol-­‐based	  tree	  of	  non-­‐primate	  lentiviruses,	  deltaretroviruses,	  and	  the	  MMTV,	  JRSV,	  and	  HERV-­‐K	  betaretroviruses	  reveals	  the	  presence	  of	  coiled-­‐coil	  motifs	  across	  all	  Rev-­‐like	  proteins,	  with	  the	  exception	  of	  deltaretroviruses	  (Figure	  3.6).	  Coiled-­‐coils	  are	  predicted	  in	  all	  EIAV	  Rev	  members,	  while	  SRLV	  and	  the	  
 115	  
betaretroviruses	  contain	  some	  members	  without	  Rev	  coiled-­‐coils.	  These	  results	  highlight	  the	  commonality	  of	  coiled-­‐coils	  across	  Rev-­‐like	  proteins	  as	  well	  as	  the	  anomalous	  nature	  of	  the	  deltaretroviruses.	  
	  
Figure	  3.	  5:	  Predicted	  secondary	  structural	  elements	  of	  non-­‐primate	  lentivirus	  Rev,	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Rev-­‐like	  proteins	  from	  non-­‐primate	  lentiviruses,	  betaretroviruses,	  and	  deltaretroviruses	  were	  characterized	  for	  alpha	  helices	  (orange	  residues),	  beta	  sheets	  (blue	  residues),	  and	  coiled-­‐coil	  motifs	  (black	  underlines).	  Non-­‐primate	  lentivirus	  Rev	  proteins	  are	  predominantly	  helical	  and	  contain,	  in	  general,	  more	  helical	  segments	  than	  the	  primate	  lentivirus	  Rev	  proteins.	  EIAV	  and	  FIV	  Rev,	  in	  particular	  are	  predicted	  to	  be	  very	  structured	  with	  characteristic	  helical	  patterns,	  observed	  as	  stripes	  of	  orange	  in	  the	  figure.	  The	  betaretroviruses	  are	  also	  predicted	  to	  be	  alpha	  helical.	  Very	  little	  beta	  sheets	  are	  predicted	  for	  Rev-­‐like	  proteins.	  The	  deltaretrovirus	  Rex	  proteins	  are	  not	  predicted	  to	  contain	  alpha	  helices	  or	  beta	  sheets.	  Coiled-­‐coils	  are	  observed	  in	  all	  non-­‐primate	  lentivirus	  groups,	  but	  not	  all	  members.	  MMTV	  Rem	  and	  HERV-­‐K	  Rec	  are	  also	  predicted	  to	  contain	  coiled-­‐coils.	  In	  accordance	  with	  a	  lack	  of	  helical	  structure,	  Rex	  proteins	  are	  not	  predicted	  to	  contain	  coiled-­‐coils.	  	  In	  total,	  these	  results	  indicate	  that	  Rev-­‐like	  proteins	  of	  non-­‐primate	  lentiviruses	  and	  betaretroviruses	  are	  predominantly	  alpha	  helical.	  Furthermore,	  there	  are	  shared	  alpha	  helical	  patterns	  in	  the	  non-­‐primate	  lentiviruses	  and	  betaretrovirus	  Rev-­‐like	  proteins.	  Coiled-­‐coil	  motifs	  are	  found	  in	  all	  Rev-­‐like	  groups,	  except	  deltaretroviruses,	  and	  are	  present	  in	  some	  endogenous	  members,	  including	  HERV-­‐K.	  Predicted	  coiled-­‐coils	  in	  Rev-­‐like	  proteins	  are	  found	  within	  or	  overlapping	  oligomerization	  domains,	  the	  NES,	  or	  ARMs.	  The	  presence	  of	  coiled-­‐coil	  motifs	  across	  very	  divergent	  Rev-­‐like	  proteins,	  combined	  with	  their	  location	  in	  specific	  regions	  of	  the	  proteins	  suggests	  a	  common	  and	  ancient	  origin	  for	  this	  key	  structural	  motif.	  	  	  	  
 117	  
	  
Figure	  3.	  6:	  Inferred	  evolutionary	  history	  of	  coiled-­‐coils	  of	  non-­‐primate	  lentivirus	  Rev,	  beta,	  







































































































































































































































































































Character	  states	  of	  coiled-­‐coils	  were	  inferred	  for	  all	  internal	  nodes	  along	  a	  Pol-­‐based	  tree	  of	  all	  Rev-­‐like	  encoding	  retroviruses.	  Filled	  circles	  designate	  the	  presence	  of	  coiled-­‐coils,	  with	  the	  shaded	  area	  within	  the	  circle	  indicating	  the	  level	  of	  inferred	  support.	  The	  most	  ancestral	  node	  is	  predicted	  to	  contain	  coiled-­‐coils	  with	  a	  probability	  of	  69%.	  Two	  key	  sites	  in	  the	  tree	  show	  major	  transitions	  from	  presence	  to	  absence	  of	  coiled-­‐coils	  (indicated	  by	  red	  lines	  and	  corresponding	  probability	  transitions)	  and	  explain	  the	  apparent	  lack	  of	  coiled-­‐coils	  in	  deltaretroviruses	  and	  some	  HIV/SIV	  Revs	  sequences	  (purple	  ovals).	  	  	  
Coiled-­‐coil	  motifs	  are	  an	  ancestral	  character	  in	  Rev-­‐like	  proteins	  The	  finding	  that	  the	  distribution	  of	  coiled-­‐coils	  follows	  some	  phylogenetic	  lineages	  suggested	  that	  coiled-­‐coils	  may	  be	  an	  ancestral	  feature	  of	  Rev-­‐like	  proteins.	  We	  used	  the	  Mesquite	  evolutionary	  analysis	  software,	  [53],	  to	  calculate	  the	  character	  state	  of	  Rev-­‐like	  coiled-­‐coils	  at	  each	  internal	  node	  in	  a	  Pol-­‐based	  tree	  of	  Rev-­‐like	  encoding	  retroviruses	  (Figure	  3.7).	  Maximum	  likelihood	  calculations	  yielded	  a	  69%	  probability	  that	  the	  coiled-­‐coil	  trait	  was	  present	  in	  the	  most	  ancestral	  node	  of	  the	  tree	  (Figure	  3.7).	  Results	  from	  parsimony	  inference	  were	  in	  agreement	  with	  results	  obtained	  by	  maximum	  likelihood	  methods	  (not	  shown).	  Based	  on	  rooting	  with	  endogenous	  pSIV,	  the	  tree	  splits	  into	  two	  monophyletic	  groups,	  labeled	  monophylum	  A	  and	  B	  in	  Figure	  3.7.	  Monophylum	  A	  contains	  all	  the	  primate	  lentiviruses,	  while	  monophylum	  B	  contains	  all	  other	  Rev-­‐like	  encoding	  members.	  Within	  the	  primate	  lentivirus	  group,	  about	  half	  of	  the	  sequences,	  including	  the	  SIVcpz/HIV-­‐1	  group,	  are	  not	  associated	  with	  Rev-­‐coiled	  coils	  (Figure	  3.7,	  light	  purple	  oval).	  The	  other	  half,	  including	  the	  SIVsmm/HIV-­‐2	  group,	  is	  associated	  with	  coiled-­‐coils.	  Likewise,	  about	  half	  of	  the	  sequences	  in	  monophylum	  B,	  comprising	  the	  
 120	  
deltaretroviruses,	  are	  not	  associated	  with	  coiled-­‐coils	  (Figure	  3.7,	  dark	  purple	  oval).	  The	  other	  half,	  corresponding	  to	  non-­‐primate	  lentiviruses	  and	  betaretroviruses,	  are	  associated	  with	  coiled-­‐coils.	  	  Two	  major	  transitions	  from	  presence	  to	  loss	  of	  coiled-­‐coils	  are	  evident	  at	  a	  specific	  internal	  node	  for	  each	  monophylum	  (Figure	  3.7,	  red	  lines).	  These	  transitions	  explain,	  in	  large	  part,	  the	  observed	  presence/absence	  dichotomy	  of	  coiled-­‐coils	  observed	  within	  monophylum	  A	  and	  B.	  	  The	  transition	  within	  monophylum	  A	  occurs	  along	  the	  split	  separating	  SIVcpz/HIV-­‐1	  from	  other	  primate	  lentiviruses.	  The	  most	  recent	  common	  ancestor	  for	  both	  groups	  is	  estimated	  to	  contain	  coiled-­‐coils	  with	  94%	  probability	  but	  drops	  to	  26%	  for	  the	  most	  recent	  common	  ancestor	  of	  SIVcpz/HIV-­‐1.	  The	  major	  loss	  of	  coiled-­‐coil	  in	  monophylum	  B	  is	  more	  gradual	  and	  drops	  down	  to	  25%	  after	  the	  split	  bifurcating	  deltaretroviruses	  from	  betaretroviruses.	  Taken	  together,	  the	  data	  suggest	  that	  coiled-­‐coils	  in	  Rev-­‐like	  proteins	  is	  an	  ancestral	  structural	  motif	  that	  has	  been	  lost	  at	  least	  twice	  in	  the	  evolutionary	  history	  leading	  up	  to	  the	  extant	  retroviruses.	  	  The	  retention	  of	  coiled-­‐coils	  in	  the	  Rev-­‐proteins	  of	  some	  retroviruses,	  despite	  long	  evolutionary	  distances,	  suggests	  that	  coiled-­‐coils	  are	  an	  important	  structural	  feature	  that	  could	  be	  required	  for	  function	  in	  select	  groups.	  	  	  
Discussion	  Retroviral	  Rev-­‐like	  proteins	  regulate	  gene	  expression	  of	  incompletely	  spliced	  viral	  mRNA	  by	  mediating	  their	  nuclear	  export.	  In	  this	  study	  a	  comparative	  analysis	  of	  shared	  structural	  features	  for	  retroviral	  Rev-­‐like	  proteins	  was	  undertaken	  using	  a	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phylogenetics	  framework.	  A	  combined	  survey	  of	  domain	  architecture	  of	  Rev-­‐like	  proteins	  and	  location	  of	  the	  Rev-­‐like	  response	  elements	  (RvRE)	  in	  the	  cognate	  RNA	  target	  was	  performed.	  In	  addition,	  secondary	  structural	  features	  were	  predicted	  and	  analyzed	  in	  a	  phylogenetics	  context	  for	  all	  Rev-­‐like	  proteins.	  Results	  indicated	  that	  a	  common	  domain	  architecture	  is	  shared	  by	  all	  Rev-­‐like	  proteins	  except	  EIAV	  Rev.	  Furthermore,	  the	  RvRE	  for	  all	  Rev-­‐like	  proteins	  resides	  either	  in	  the	  env	  gene,	  in	  the	  LTR,	  or	  overlaps	  both.	  These	  similarities	  suggest	  a	  common	  origin	  for	  all	  Rev-­‐like	  proteins.	  	  The	  N-­‐terminal	  region	  of	  HIV-­‐1,	  HIV-­‐2,	  and	  SIV	  Rev	  has	  a	  distinct	  alpha	  helical	  profile.	  Coiled-­‐coil	  motifs	  were	  differentially	  distributed	  across	  the	  Rev	  proteins	  of	  primate	  lentiviruses:	  coiled-­‐coils	  were	  predicted	  only	  in	  groups	  N	  and	  O	  of	  HIV-­‐1,	  and	  in	  about	  half	  of	  the	  SIV	  groups;	  in	  contrast,	  coiled-­‐coils	  were	  predicted	  for	  all	  HIV-­‐2	  groups	  analyzed.	  A	  possible	  explanation	  for	  this	  observation	  was	  revealed	  in	  phylogenetic	  analyses,	  which	  showed	  that	  HIV1	  descended	  from	  SIV	  groups	  not	  predicted	  to	  contain	  Rev	  coiled-­‐coils,	  while	  HIV-­‐2	  descended	  from	  SIV	  groups	  predicted	  to	  contain	  Rev	  coiled-­‐coils.	  Coiled-­‐coil	  motifs	  were	  found	  in	  the	  Rev-­‐like	  proteins	  of	  all	  non-­‐primate	  lentivirus	  groups	  and	  in	  MMTV	  Rem	  and	  HERV-­‐K	  Rec.	  Deltaretrovirus	  Rex	  proteins	  were	  anomalous	  in	  that	  they	  contained	  little	  to	  no	  alpha	  helices	  or	  beta-­‐sheets	  and	  were	  absent	  of	  coiled-­‐coils.	  The	  reason	  why	  Rex	  proteins	  are	  so	  anomalous	  in	  predicted	  secondary	  structure	  is	  not	  clear.	  In	  light	  of	  the	  hypothesis	  that	  all	  retroviral	  Rev-­‐like	  proteins	  share	  a	  common	  origin,	  this	  stark	  difference	  is	  unexpected.	  Nonetheless,	  these	  results	  indicate	  that	  Rev-­‐like	  proteins,	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with	  the	  exception	  of	  Rex,	  are	  predominantly	  alpha	  helical,	  and	  there	  are	  shared	  secondary	  structural	  patterns	  within	  specific	  groups.	  	  Phylogenetic	  inference	  of	  coiled-­‐coils	  for	  all	  Rev-­‐like	  proteins	  suggested	  a	  single,	  ancestral	  origin	  with	  a	  69%	  probability	  inferred	  by	  maximum	  likelihood	  methods	  and	  recapitulated	  by	  parsimony	  inference.	  Two	  main	  losses	  were	  inferred	  along	  the	  evolutionary	  history:	  one	  corresponding	  to	  the	  absence	  of	  coiled-­‐coils	  in	  the	  SIVcpz/HIV-­‐1	  group,	  and	  the	  other	  corresponding	  to	  the	  absence	  of	  coiled-­‐coils	  in	  deltaretroviruses.	  The	  conservation	  of	  coiled-­‐coil	  motifs	  in	  some	  lineages	  of	  Rev-­‐like	  proteins	  despite	  long	  evolutionary	  distances	  suggests	  that	  they	  likely	  have	  an	  important	  function.	  	  	  An	  interesting	  issue	  to	  address	  is	  whether	  the	  absence	  of	  coiled-­‐coil	  motifs	  in	  some	  Rev-­‐like	  proteins	  is	  a	  real	  biological	  occurrence	  or	  a	  limitation	  of	  current	  computational	  prediction	  methods.	  CCHMM_PROF	  [50],	  the	  coiled-­‐coil	  prediction	  server	  used	  in	  this	  study	  is	  among	  the	  most	  recent	  coiled-­‐coil	  prediction	  methods	  and	  draws	  its	  power	  from	  the	  use	  of	  multiple	  sequence	  alignments	  and	  position	  specific	  scoring	  matrices	  [50].	  Such	  methods	  have	  been	  shown	  to	  outperform	  single	  sequence	  based	  methods	  [49,	  50].	  CCHMM_PROF	  has	  a	  true	  positive	  rate	  of	  79%	  and	  a	  false	  positive	  rate	  of	  1%;	  these	  are	  the	  most	  sensitive	  rates	  currently	  available	  [50].	  Although	  CCHMM_PROF	  is	  very	  sensitive,	  it	  still	  fails	  to	  correctly	  identify	  ~21%	  of	  coiled-­‐coil	  sequences	  as	  such.	  Strictly	  based	  on	  the	  true	  and	  false	  positive	  rates	  of	  CCHMM_PROF,	  results	  presented	  in	  this	  work	  could	  be	  an	  underrepresentation	  of	  the	  true	  distribution	  of	  coiled-­‐coil	  sequences	  in	  retroviral	  Rev-­‐like	  proteins:	  it	  is	  possible	  that	  some	  of	  the	  Rev-­‐like	  proteins	  not	  predicted	  to	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contain	  coiled-­‐coils	  do	  contain	  coiled-­‐coils	  motifs	  that	  are	  not	  detected.	  Therefore,	  It	  will	  be	  of	  interest	  to	  determine	  if	  sequences	  predicted	  not	  to	  contain	  coiled-­‐coils	  contain	  signals	  that	  are	  characteristic	  of	  coiled-­‐coils.	  	  	  Coiled-­‐coils	  primarily	  mediate	  oligomerization	  in	  proteins	  [54]	  and	  could	  play	  a	  similar	  role	  in	  retroviral	  Rev-­‐like	  proteins.	  In	  our	  previous	  study	  (Chapter	  2)	  we	  identified	  a	  highly	  conserved	  coiled-­‐coil	  motif	  in	  the	  central	  region	  of	  EIAV	  Rev.	  The	  coiled-­‐coil	  motif	  was	  shown	  to	  be	  required	  for	  EIAV	  Rev	  dimerization,	  and	  mutation	  of	  residues	  predicted	  to	  form	  key	  dimeric	  contacts	  abrogated	  RNA	  binding.	  This	  suggested	  that	  dimerization	  interactions	  mediated	  by	  the	  coiled-­‐coil	  motif	  are	  required	  for	  EIAV	  Rev	  RNA	  binding.	  HIV-­‐1	  Rev	  is	  not	  predicted	  to	  contain	  coiled-­‐coils,	  but	  coiled-­‐coil	  motifs	  can	  be	  substituted	  for	  the	  oligomerization	  domain	  without	  any	  apparent	  loss	  of	  function	  [55],	  indicating	  that	  oligomerization	  and	  coiled-­‐coil	  motifs	  are	  functionally	  equivalent.	  In	  HIV-­‐1	  Rev,	  oligomerization	  domains	  mediate	  both	  intra-­‐	  and	  intermolecular	  interactions	  and	  are	  required	  for	  monomer	  stability,	  dimerization,	  oligomerization,	  and	  high	  affinity	  RNA	  binding	  [7–9,56–61].	  Together,	  these	  results	  indicate	  that	  coiled-­‐coils	  in	  Rev-­‐like	  proteins	  could	  mediate	  intra-­‐	  and/or	  intermolecular	  interactions	  required	  for	  at	  least	  one	  step	  in	  the	  export	  pathway.	  From	  an	  evolutionary	  perspective,	  these	  results	  could	  mean	  that	  coiled-­‐coils	  originally	  mediated	  oligomerization	  and	  other	  protein-­‐protein	  interactions	  in	  Rev-­‐like	  proteins.	  Over	  time,	  in	  some	  retroviruses,	  genetic	  mutation	  could	  have	  resulted	  in	  additional	  sequences	  evolving	  to	  mediate	  oligomerization.	  Thus,	  coiled-­‐coil	  motifs	  may	  have	  been	  lost	  when	  other	  amino	  acid	  residues	  took	  over	  oligomerization	  function.	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Conclusion	  This	  study	  provides	  a	  detailed	  analysis	  of	  predicted	  structural	  diversity	  among	  retroviral	  Rev-­‐like	  proteins	  in	  an	  evolutionary	  context.	  Despite	  low	  sequence	  identity	  between	  Rev	  proteins,	  shared	  characteristics	  are	  observed	  at	  the	  level	  of	  domain	  architecture,	  location	  of	  the	  Rev-­‐like	  response	  element,	  and	  secondary	  structure.	  Phylogenetic	  analyses	  suggest	  that	  coiled-­‐coil	  motifs	  are	  important	  for	  Rev	  function	  in	  some	  retroviruses	  and	  predict	  that	  other	  retroviruses	  may	  have	  evolved	  alternate	  sequences	  that	  replaced	  coiled-­‐coil	  function	  	  	   	  
	  
Methods	  
Sequence	  data	  	   Representative	  members	  of	  retroviruses	  were	  based	  on	  the	  2013	  ICTV	  Master	  Species	  List	  (http://talk.ictvonline.org/files/ictv_documents/m/msl/default.aspx).	  HIV-­‐1	  Rev	  sequences	  used	  for	  analysis	  of	  structural	  elements	  were	  based	  on	  HIV-­‐1	  subtype	  references	  described	  in	  [62].	  HIV-­‐2	  and	  SIV	  Rev	  were	  retrieved	  from	  the	  HIV	  Los	  Alamos	  sequence	  database	  (http://www.hiv.lanl.gov).	  EIAV	  Rev	  sequences	  were	  based	  on	  the	  three	  distinct	  monophyletic	  groups	  described	  in	  [63].	  SRLV	  Rev	  sequences	  were	  based	  on	  distinct	  phylogenetic	  groups	  described	  in	  [64].	  Rev	  sequences	  for	  were	  obtained	  from	  the	  Petaluma,	  San	  Diego,	  and	  Japanese	  strains,	  as	  described	  in	  [17,65].	  For	  BIV	  Rev	  analyses,	  the	  R29	  strain	  [66]	  as	  well	  as	  the	  Jembrana	  disease	  virus	  described	  in	  [67]	  were	  used.	  Endogenous	  lentivirus	  Rev	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sequences	  were	  obtained	  from	  supplementary	  information	  provided	  in	  the	  papers	  that	  described	  their	  discoveries	  [18,46,47].	  The	  MMTV	  Rem	  sequence	  used	  was	  published	  by	  [3],	  one	  of	  the	  co-­‐discoverers	  of	  Rem.	  The	  JSRV	  Rej	  sequence	  used	  was	  obtained	  from	  the	  original	  papers	  that	  described	  its	  discovery	  [6].	  Rev	  sequences	  for	  deltaretroviruses	  were	  based	  on	  phylogenetic	  analyses	  published	  in	  [68,69].	  Available	  Pol	  aa	  sequences	  corresponding	  to	  Rev	  sequences	  analyzed	  were	  retrieved	  for	  phylogenetic	  analysis.	  The	  GenBank	  accession	  numbers	  for	  all	  Pol	  and	  Rev	  sequences	  used	  in	  this	  work	  are	  listed	  in	  Additional	  files	  3.1	  and	  3.2.	  	  
Phylogenetic	  reconstruction	  and	  inference	  	   Phylogenetic	  trees	  were	  constructed	  based	  on	  an	  alignment	  of	  Pol	  amino	  acid	  sequences.	  Pol	  protein	  sequences	  were	  aligned	  with	  the	  MAFFT	  server	  using	  default	  settings	  [70].	  Bayesian	  inference	  was	  used	  to	  reconstruct	  retrovirus	  phylogenetic	  trees	  by	  implementing	  MrBayes	  3.2	  [71]	  with	  the	  rtREV	  amino	  acid	  substitution	  model	  [72].	  Bayesian	  analyses	  were	  run	  for	  5000000	  generations,	  sampling	  trees	  every	  1000	  generations	  and	  discarding	  the	  first	  25%	  of	  samples	  as	  the	  burn	  in	  fraction	  [71].	  Two	  Bayesian	  chains	  were	  run	  to	  ensure	  adequate	  mixing.	  Convergence	  was	  indicated	  by	  an	  average	  standard	  deviation	  of	  split	  frequencies	  (ASDSF)	  <0.01	  between	  the	  two	  chains	  and	  a	  potential	  scale	  reduction	  factor	  (PSRF)	  value	  ~1	  [73,71].	  The	  50%	  majority	  consensus	  tree	  was	  selected	  as	  the	  final	  tree.	  MrBayes	  analyses	  with	  XSEDE	  were	  run	  on	  the	  CIPRES	  Science	  Gateway	  for	  inference	  of	  large	  phylogenetic	  trees	  with	  the	  BEAGLE	  library	  enabled	  [74].	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Ancestral	  state	  reconstruction	  was	  performed	  with	  MESQUITE	  [53]	  using	  both	  parsimony	  and	  maximum	  likelihood	  methods.	  Maximum	  likelihood	  reconstructions	  were	  performed	  using	  both	  the	  “Markov	  k-­‐state	  1	  parameter”	  model	  (MK1)	  and	  the	  “Asymmetrical	  Markov	  k-­‐state	  2	  parameter”	  (AssymmMK)	  model.	  The	  former	  is	  a	  generalization	  of	  the	  Jukes-­‐Cantor	  model	  in	  which	  there	  is	  a	  single	  parameter,	  the	  rate	  of	  change,	  and	  both	  forward	  (gain)	  or	  backward	  (loss)	  changes	  are	  equally	  likely;	  the	  latter	  model	  has	  two	  parameter	  values,	  one	  for	  the	  rate	  of	  forward	  change	  and	  another	  for	  the	  rate	  of	  backward	  change	  and	  allows	  for	  biases	  in	  gains	  versus	  losses	  [53].	  	   	  
Prediction	  of	  secondary	  structural	  elements	  	   Secondary	  structure	  predictions	  for	  all	  Rev-­‐like	  proteins	  were	  obtained	  using	  the	  JPred	  3	  server	  [49];	  single	  sequences	  were	  submitted	  in	  batch	  mode	  using	  default	  parameters.	  Coiled-­‐coil	  motif	  prediction	  was	  performed	  with	  the	  CCHMMPROF	  server	  [50].	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Table	  5:	  Additional	  file	  3.1:	  Accession	  codes	  of	  retroviral	  Pol	  aa	  sequences	  Retrovirus	   Genome	   Pol	  
Avian	  leukosis	  virus	   JX453210	   AFU66004	  
Avian	  myeloblastosis	  virus	   S74099	   AAB31929	  
Rous	  sarcoma	  virus	   D10652	   BAD98246	  
Jaagsiekte	  sheep	  retrovirus	   NC_001494	   NP_041186	  
Mason-­‐Pfizer	  monkey	  virus	   M12349	   AAA47711	  
Mouse	  mammary	  tumor	  virus	   M15122	   P03365	  
Squirrel	  monkey	  retrovirus	   NC_001514	   P03364	  
Bovine	  leukemia	  virus	   K02120	   P03361	  
Primate	  T-­‐lymphotropic	  virus	  1	   U19949	   AAA85843	  
Primate	  T-­‐lymphotropic	  virus	  2	   M10060	   AAB59885	  
Primate	  T-­‐lymphotropic	  virus	  3	   DQ093792	   AAZ77658	  
Walleye	  epidermal	  hyperplasia	  virus	  1	   AF014793	   AAC59311	  
Walleye	  epidermal	  hyperplasia	  virus	  2	   AF014792	   AAC59310	  
Gibbon	  ape	  leukemia	  virus	   NC_001885	   NP_056790	  
Moloney	  murine	  sarcoma	  virus	   AF019230	   AAC98548	  
Murine	  leukemia	  virus	   M93134	   AAA46477	  
Porcine	  type-­‐C	  oncovirus	   Y17013	   CAA76582	  
Reticuloendotheliosis	  virus	   DQ237901	   ABC26820	  
Woolly	  monkey	  sarcoma	  virus	   X15311	   CAA33367	  
Bovine	  immunodeficiency	  virus	   M32690	   AAA91271	  
Caprine	  arthritis	  encephalitis	  virus	   M33677	   AAA91826	  
Equine	  infectious	  anemia	  virus	   AF028232	   AAC24021	  
Feline	  immunodeficiency	  virus	   U11820	   AAB09310	  
Human	  immunodeficiency	  virus	  1	   K03455	   AAB50259	  
Human	  immunodeficiency	  virus	  2	   M15390	   AAB00764	  
Puma	  lentivirus	   U03982	   AAA67168	  
Simian	  immunodeficiency	  virus	   	  AF447763	   AAO13960	  
Visna/maedi	  virus	   L06906	   AAA48359	  
African	  green	  monkey	  simian	  foamy	  
virus	   M74895	   AAA47796	  
Bovine	  foamy	  virus	   JX307862	   AFR79244	  
Equine	  foamy	  virus	   NC_002201	   NP_054716	  
Feline	  foamy	  virus	   Y08851	   CAA70075	  
Macaque	  simian	  foamy	  virus	   NC_010819	   YP_001961122	  





Table	  6:	  Additional	  file	  3.2:	  Accession	  codes	  of	  Rev-­‐like	  encoding	  retroviruses	  	  
Retrovirus	   Group/clade	   Genome	  ACCESSION	   Pol	  ACCESSION	   Rev	  ACCESSION	  HIV-­‐1	   M/A1	   AF069670	   AAC69289	   AAC69293	  	   	   K03455	   AAB50259	   AAB50257	  	   	   AY173951	   AAO63179	   AAO63186	  	   	   AY331295	   AAQ97552	   AAQ97556	  	   M/B	   AY423387	   AAR02318	   AAR02314	  	   	   U46016	   AAB36501	   AAB36505	  	   M/C	   AY772699	   AAV41354	   AAV41349	  	   	   K03454	   AAA44325	   AAA44323	  	   M/D	   AY371157	   AAR22187	   AAR22192	  	   	   AF077336	   AAD46088	   AAD46092	  	   	   AF377956	   AAK59189	   AAK59193	  	   M/F	   AY371158	   AAR22196	   AAR22201	  	   	   U88826	   AAC32654	   AAC32657	  	   	   AF061640	   AAC29045	   AAC29050	  	   M/G	   AF084936	   AAD14574	   AAD14580	  	   M/H	   AF190127	   AAF18397	   AAF18400	  	   	   AF082394	   AAD17757	   AAD17764	  	   M/J	   AF082395	   AAD17766	   AAD17773	  	   	   AJ249235	   CAB59008	   P0C1L5	  	   M/K	   AJ249239	   CAB58989	   P0C1L6	  	   N	   AY532635	   AAT08769	   AAT08773	  	   	   L20571	   AAA44860	   P0C1L3	  	   O	   L20587	   AAA99879	   P0C1L4	  	   	   GU111555	   ACY40653	   ACY40657	  	   	   HQ179987	   ADR03144	   ADR03148	  	   P	   GQ328744	   ACT66823	   ACT66827	  	   	   	   	   	  HIV-­‐2	   A	   M15390	   AAB00764	   AAB00769	  	   	   D00835	   BAA00710	   BAA00715	  	   	   J04542	   AAA76841	   AAA76846	  	   	   M30895	   AAA43933	   AAA43930	  	   B	   L07625	   AAA43942	   AAA43939	  	   	   U27200	   AAC54467	   AAC54472	  	   	   	   	   	  SIV	   cpz	   AF447763	   AAO13960	   AAO13964	  	   	   DQ373063	   ABD19475	   ABD19479	  	   	   DQ373065	   ABD19493	   ABD19497	  	   tan	   U58991	   AAC57052	   AAC57056	  	   smm	   M31325	   AAA47753	   AAA47751	  	   agm	   M66437	   AAA91923	   AAA91927	  	   	   M29975	   AAA91906	   AAA91910	  	   	   M30931	   AAA91914	   AAA91918	  	   col	   AF301156	   AAK01033	   AAK01037	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Additional	  File	  3.2	  continued	  
Retrovirus	   Group/clade	   Genome	  ACCESSION	   Pol	  ACCESSION	   Rev	  ACCESSION	  	   	   Y00277	   CAA68380	   CAB46522	  	   deb	   AY523865	   AAT68795	   AAT68799	  	   	   AY523866	   AAT68803	   AAT68807	  	   syk	   AY523867	   AAT68811	   AAT68817	  	   gsn	   AF468658	   AAM90222	   AAM90226	  	   	   AF468659	   AAM90231	   AAM90235	  	   mon	   AY340701	   AAR02377	   AAR02381	  	   	   AJ549283	   CAD70671	   CAD70675	  	   mus	   AY340700	   AAR02368	   AAR02372	  	   lst	   AF075269	   AAD12147	   AAD12152	  	   sun	   AF131870	   AAD39753	   AAD39757	  	   rcm	   AF349680	   AAK69674	   AAK69679	  	   drl	   AY159321	   AAO22466	   AAO22471	  	   gor	   FJ424871	   ACM63211	   ACM63215	  	   	   FJ424863	   ACM63166	   ACM63170	  	   	   FJ424864	   ACM63175	   ACM63179	  	   sab	   U04005	   AAA21505	   AAA21508	  	   asc	   KJ461714	   AIG51563	   AIG51567	  	   	   KJ461715	   AIG51571	   AIG51575	  	   	   KJ461716	   AIG51579	   AIG51583	  	   	   	   	   	  EIAV	   Wyoming	   AF028232	   AAC24021	   AAC24025	  	   Irish	   JX480634	   AFW99183	   AFW99186	  	   	   JX480633	   AFW99177	   AFW99180	  	   	   JX480632	   AFW99171	   AFW99174	  	   	   JX480631	   AFW99165	   AFW99168	  	   Chinese	   GU385362	   ADK35846	   ADK35849	  	   	   GU385360	   ADK35834	   ADK35837	  	   	   HM141921	   ADU02708	   ADU02711	  	   	   HM141909	   ADU02636	   ADU02638	  	   	   	   	   	  SRLV	   A	   M31646	   AAA66812	   AAA66816	  	   	   L06906	   AAA48359	   AAA48357	  	   B	   M33677	   AAA91826	   P33460	  	   	   JF502417	   AEF12559	   AEF12563	  	   	   JF502416	   AEF12553	   AEF12557	  	   	   FJ195346	   CAN82422	   CAN82426	  	   C	   AF322109	   AAG48629	   AAG48633	  	   E	   GQ381130	   ACV53613	   ACV53616	  	   	   EU293537	   ACA81610	   ACA81612	  	   	   	   	   	  FIV	   NA	   NA	   AAB22932	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Additional	  File	  3.2	  continued	  
Retrovirus	   Group/clade	   Genome	  ACCESSION	   Pol	  ACCESSION	   Rev	  ACCESSION	  	   	   	   	   	  	   NA	   NA	   AAB28971	   	  	   U11820	   AAB09310	   NA	   	  	   	   	   	   	  BIV	   M32690	   AAA91271	   AAA42772	   	  JDV	   U21603	   gag-­‐pol	   AAA64393	   	  	   BLV	   Argentina	   FJ914764	   ACR15158	   ACR15159	  	   	   AF257515	   AAF97917	   AAF97919	  	   	   	   	   	  HTLV1	   	   U19949	   AAA85843	   AAA85844	  	   	   D13784	   BAA02931	   AAC82584	  HTLV2	   	   M10060	   AAB59885	   AAB59886	  	   	   AF326584	   AAG48728	   AAG48730	  	   	   AF326583	   AAG48703	   AAG48704	  	   	   AF139382	   AAD34842	   AAD34844	  	   	   GU212854	   ADQ00637	   ADQ00640	  HTLV3	   	   DQ093792	   AAZ77658	   AAZ77660	  	   	   DQ462191	   AAY34569	   ABF18962	  STLV1	   	   AY590142	   AAU34010	   AAU34011	  STLV3	   	   AF517775	   AAN87145	   AAN87147	  	   	   NC_003323	   NP_542258	   NP_542259	  	   	   AY217650	   AAO62102	   AAO62105	  	   	   AY222339	   AAO86626	   AAO86628	  	   	   	   	   	  JSRV	   	   AF357971	   AAK38686	   NA	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CHAPTER	  4.	  GENERAL	  CONCLUSIONS	  AND	  FUTURE	  DIRECTIONS	  
	  
	   Incompletely	  spliced	  and	  unspliced	  retroviral	  mRNAs	  encode	  essential	  proteins	  and	  the	  viral	  genome,	  and	  require	  mechanisms	  of	  nuclear	  export	  before	  they	  are	  spliced	  to	  completion	  in	  the	  nucleus.	  A	  subset	  of	  retroviruses,	  including	  HIV-­‐1,	  encodes	  a	  post-­‐transcriptional	  regulatory	  protein,	  which	  fulfills	  this	  requirement.	  This	  family	  of	  proteins,	  the	  retroviral	  Rev-­‐like	  proteins,	  is	  absolutely	  required	  for	  replication	  in	  these	  retroviruses.	  In	  the	  host	  cell,	  Rev-­‐like	  proteins	  bind	  a	  specific	  RNA	  element	  in	  the	  cognate	  viral	  genome,	  oligomerize	  along	  the	  RNA,	  and	  recruit	  host	  export	  factor,	  Crm1,	  to	  facilitate	  viral	  RNA	  nuclear	  export	  [1].	  	  	   Equine	  infectious	  anemia	  virus	  (EIAV)	  Rev	  is	  functionally	  homologous	  to	  HIV-­‐1	  Rev	  but	  differs	  in	  terms	  of	  domain	  organization	  and	  the	  presence	  of	  a	  bipartite	  RNA	  binding	  	  (RBD)	  [2].	  The	  bipartite	  RBD	  comprises	  two	  short	  arginine-­‐rich	  motifs,	  designated	  ARM-­‐1	  and	  ARM-­‐2,	  separated	  by	  79	  amino	  acids	  (aa)	  in	  the	  primary	  sequence.	  A	  primary	  objective	  of	  this	  study	  was	  to	  exploit	  recent	  advances	  in	  protein	  structure	  prediction	  and	  assessment	  to	  yield	  insight	  into	  the	  topology	  of	  ARM-­‐1	  and	  ARM-­‐2	  on	  the	  EIAV	  Rev	  tertiary	  structure.	  This	  work	  also	  sought	  to	  identify	  structural	  features	  important	  for	  RNA	  binding	  in	  EIAV	  Rev,	  and	  to	  expand	  the	  analysis	  to	  the	  entire	  family	  of	  retroviral	  Rev-­‐like	  proteins	  to	  determine	  whether	  Rev-­‐like	  proteins	  are	  structurally	  homologous,	  despite	  sharing	  very	  limited	  sequence	  identity.	  Summaries	  of	  key	  findings	  as	  well	  as	  future	  directions	  are	  outlined	  below.	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Identification	  and	  analysis	  of	  Rev	  coiled-­‐coil	  motifs	  
	   Using	  state-­‐of-­‐the-­‐art	  structure	  prediction	  and	  assessment	  tools,	  we	  generated	  and	  assessed	  >200	  structural	  models	  of	  EIAV	  Rev	  to	  gain	  insight	  into	  the	  relative	  orientation	  of	  ARM-­‐1	  and	  ARM-­‐2.	  In	  an	  overwhelming	  majority	  of	  predicted	  models,	  ARM-­‐1	  and	  ARM-­‐2	  did	  not	  form	  a	  single	  RNA	  binding	  interface	  on	  the	  tertiary	  structure,	  raising	  the	  possibility	  that	  intermolecular	  protein-­‐protein	  interactions	  could	  juxtapose	  them	  to	  form	  a	  single	  RNA	  binding	  interface	  on	  a	  quaternary	  Rev	  structure.	  In	  support	  of	  this,	  a	  coiled-­‐coil	  (C-­‐C)	  motif	  was	  identified	  in	  the	  central	  region	  of	  EIAV	  Rev,	  and	  blue	  native-­‐PAGE	  assays	  showed	  that	  EIAV	  Rev	  migrates	  as	  a	  dimer.	  Mutating	  a	  C-­‐C	  residue	  predicted	  to	  be	  critical	  for	  interhelical	  interactions	  disrupted	  dimerization;	  in	  contrast,	  mutating	  C-­‐C	  residues	  predicted	  not	  to	  be	  critical	  for	  interhelical	  interactions	  did	  not	  affect	  dimerization.	  Importantly,	  the	  dimerization	  mutant	  was	  also	  deficient	  in	  RNA	  binding.	  Taken	  together,	  these	  findings	  suggest	  that	  dimerization,	  mediated	  by	  key	  residues	  within	  the	  predicted	  C-­‐C	  motif,	  is	  required	  for	  EIAV	  Rev	  RNA	  binding.	  Therefore,	  it	  is	  likely	  that	  dimerization	  juxtaposes	  ARMs	  of	  different	  monomers	  as	  a	  single	  RNA	  binding	  interface	  on	  the	  quaternary	  structure	  of	  EIAV	  Rev.	  	  
Structural	  homology	  in	  retroviral	  Rev-­‐like	  proteins	  	   It	  is	  well	  known	  that	  protein	  structure	  is	  more	  conserved	  than	  sequence	  [3].	  Motivated	  by	  the	  identification	  of	  a	  functionally	  required	  C-­‐C	  motif	  in	  EIAV	  Rev,	  it	  was	  of	  interest	  to	  determine	  the	  extent	  to	  which	  Rev-­‐like	  proteins	  share	  structural	  features.	  To	  understand	  shared	  features	  among	  retroviral	  Rev-­‐like	  proteins	  in	  terms	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of	  evolutionary	  relatedness,	  observed	  structural	  similarity	  and	  diversity	  was	  analyzed	  in	  a	  phylogenetics	  framework.	  	  An	  initial	  phylogeny	  of	  retroviruses	  using	  Pol	  residues	  indicated	  that	  all	  Rev-­‐like	  encoding	  members	  group	  together,	  suggesting	  an	  evolutionary	  basis	  for	  possible	  shared	  structural	  features.	  A	  combined	  survey	  of	  domain	  architecture	  of	  Rev-­‐like	  proteins	  and	  genomic	  location	  of	  the	  cognate	  RNA	  targets	  (designated	  RvRE)	  revealed	  that	  all	  Rev-­‐like	  proteins,	  except	  EIAV	  Rev,	  have	  the	  same	  linear	  organization	  of	  NES	  and	  ARM	  functional	  domains,	  and	  that	  the	  RvRE	  of	  all	  members	  resides	  either	  in	  the	  env	  gene,	  the	  3’	  LTR,	  or	  flanking	  both.	  A	  detailed	  analysis	  of	  predicted	  secondary	  structural	  elements	  including	  alpha	  helices,	  beta-­‐sheets,	  and	  C-­‐Cs	  for	  all	  retroviral	  Rev-­‐like	  proteins	  revealed	  further	  similarities	  but	  also	  notable	  differences.	  Rev	  proteins	  of	  the	  primate	  immunodeficiency	  viruses	  (HIV-­‐1,	  HIV-­‐2,	  and	  SIV)	  essentially	  share	  an	  identical	  pattern	  of	  predicted	  alpha	  helices	  in	  the	  N-­‐terminal	  half.	  Alpha-­‐helical	  patterns	  are	  also	  shared	  within	  Rev	  proteins	  of	  non-­‐primate	  lentiviruses	  and	  betaretrovirus	  Rev-­‐like	  proteins.	  The	  only	  Rev-­‐like	  member	  not	  predicted	  to	  be	  alpha-­‐helical	  was	  the	  Rex	  protein	  of	  deltaretroviruses,	  which	  is	  predicted	  to	  be	  essentially	  devoid	  of	  either	  alpha	  helix	  or	  beta	  sheet	  secondary	  structural	  elements.	  Coiled-­‐coil	  motifs	  were	  predicted	  in	  all	  HIV-­‐2	  Rev	  sequences	  analyzed,	  in	  about	  half	  of	  the	  SIV	  Rev	  sequences	  analyzed,	  and	  in	  only	  a	  few	  HIV-­‐1	  Rev	  sequences.	  Phylogenetic	  reconstructions	  suggested	  an	  evolutionary	  basis	  for	  this	  differential	  distribution,	  in	  that	  HIV-­‐1	  descended	  from	  SIV	  sequences	  not	  predicted	  to	  contain	  C-­‐Cs	  in	  Rev,	  while	  HIV-­‐2	  descended	  from	  SIV	  sequences	  predicted	  to	  contain	  C-­‐Cs	  in	  the	  Rev	  protein.	  Coiled-­‐coil	  motifs	  were	  also	  identified	  in	  the	  Rev	  proteins	  of	  all	  non-­‐
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Analysis	  of	  Rev	  sequences	  differentially	  predicted	  to	  contain	  coiled-­‐coils	  A	  central	  theme	  emerging	  from	  this	  dissertation	  is	  that,	  despite	  high	  sequence	  divergence,	  there	  is	  structural	  homology	  between	  many	  members	  of	  the	  retroviral	  Rev-­‐like	  family	  of	  proteins.	  Coiled-­‐coil	  motifs	  are	  important	  for	  Rev	  function	  in	  EIAV	  (Chapter	  2);	  are	  predicted	  in	  the	  Rev-­‐like	  proteins	  of	  all	  lentiviruses,	  and	  three	  betaretroviruses;	  and	  are	  largely	  absent	  in	  select	  groups,	  such	  as	  HIV-­‐1	  group	  M	  and	  its	  ancestral	  SIV	  sequences	  (Chapter	  3).	  It	  is	  not	  clear	  whether	  these	  proteins	  are	  predicted	  to	  have	  lost	  coiled-­‐coils	  as	  a	  result	  of	  sequence	  variation	  (genetic	  drift),	  replacement	  by	  alternative	  motifs	  (genetic	  shift),	  or	  just	  due	  to	  the	  stringency	  of	  the	  prediction	  algorithm.	  	  The	  canonical	  description	  of	  C-­‐C	  sequences	  originally	  put	  forth	  by	  Watson	  Crick	  and	  further	  developed	  by	  others	  [4–7]	  describes	  tandem	  heptad	  repeats	  (abcdefg)n	  with	  hydrophobic	  residues	  residing	  in	  ‘a’	  and	  ‘d’	  registers	  and	  charged	  residues	  in	  ‘e’	  and	  ‘g’	  registers.	  It	  is	  widely	  accepted	  that	  this	  formulation	  describes	  sequences	  with	  ideal	  ‘knobs	  into	  holes’	  packing	  interactions,	  characteristic	  of	  classical	  C-­‐C	  motifs.	  However,	  deviations	  from	  this	  canonical	  formulation	  exist	  in	  nature	  [8],	  and	  could	  possibly	  affect	  prediction	  accuracy.	  Therefore,	  sequences	  homologous	  to	  coiled-­‐coil	  motifs	  that	  differ	  at	  few	  registers	  could	  still	  retain	  coiled-­‐coil	  interaction	  function.	  As	  such,	  alignments	  of	  homologous	  Rev	  sequences	  differentially	  predicted	  to	  contain	  C-­‐Cs	  should	  be	  analyzed	  in	  more	  detail.	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Figure	  4.	  1:	  Pairwise	  comparison	  of	  HIV-­‐1	  and	  HIV-­‐2	  Rev	  sequence	  logos	  in	  a	  region	  





































































Sequence	  logos	  were	  derived	  with	  WebLogo	  [9]	  for	  the	  first	  oligomerization	  domain	  of	  HIV-­‐1	  and	  HIV-­‐2	  Rev,	  which	  differ	  with	  respect	  to	  the	  presence/absence	  of	  predicted	  C-­‐Cs	  (Chapter	  3).	  A	  dashed	  line	  indicates	  the	  predicted	  C-­‐C	  within	  the	  HIV-­‐2	  Rev	  sequence	  (top),	  and	  inferred	  registers	  of	  the	  C-­‐C	  are	  shown	  below	  the	  dashed	  line	  (abcdefg).	  Negative	  and	  positively	  charged	  residues	  are	  colored	  red	  and	  blue,	  respectively,	  polar	  uncharged	  residues	  are	  colored	  green,	  and	  hydrophobic	  residues	  are	  colored	  black;	  proline	  residues	  are	  colored	  magenta.	  Black	  outlined	  boxes	  indicate	  the	  key	  differences	  between	  residues	  of	  HIV-­‐1	  (bottom)	  and	  HIV-­‐2	  Rev	  in	  the	  predicted	  C-­‐C	  region.	  In	  HIV-­‐1	  Rev,	  additional	  hydrophobic	  residues	  are	  present	  in	  the	  ‘e’	  and	  ‘g’	  positions.	  Black,	  yellow,	  and	  white	  arrows	  indicate	  residues	  known	  to	  mediate	  dimerization,	  oligomerization,	  and	  monomer	  stability	  interactions,	  respectively,	  in	  the	  experimentally	  solved	  HIV-­‐1	  Rev	  crystal	  structure	  [10].	  	  Preliminary	  analyses	  of	  sequence	  logos	  of	  the	  1st	  oligomerization	  domain	  of	  HIV-­‐1	  and	  HIV-­‐2	  Rev,	  which	  differ	  with	  respect	  to	  the	  presence/absence	  of	  C-­‐C	  motifs	  (Figure	  4.1),	  suggest	  that	  HIV-­‐1	  Rev	  sequences	  contain	  hydrophobic	  residues	  in	  core	  ‘a’	  and	  ‘d’	  registers,	  characteristics	  of	  canonical	  C-­‐Cs.	  Major	  residue	  differences	  do	  not	  occur	  in	  these	  positions,	  but	  occur	  in	  ‘e’	  and	  ‘g’	  positions	  instead.	  HIV-­‐1	  Rev	  sequences	  contain	  additional	  hydrophobic	  residues	  in	  the	  latter	  registers.	  Because	  ‘e’	  and	  ‘g’	  are	  registers	  biased	  for	  charged	  residues	  in	  the	  canonical	  C-­‐C	  formulation,	  this	  could	  be	  one	  possible	  reason	  the	  1st	  oligomerization	  domain	  of	  HIV-­‐1	  Rev	  is	  not	  predicted	  to	  contain	  C-­‐Cs.	  It	  is	  possible	  that	  genetic	  drift	  has	  resulted	  in	  replacement	  of	  canonical	  ‘e’	  and	  ‘g’	  charged	  residues	  with	  hydrophobic	  residues	  and	  that	  such	  regions	  still	  function	  as	  C-­‐C	  motifs.	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Sequence	  logos	  were	  derived	  with	  WebLogo	  [9]	  for	  the	  NES	  of	  HIV-­‐1	  and	  HIV-­‐2	  Rev,	  which	  differ	  with	  respect	  to	  the	  presence/absence	  of	  predicted	  C-­‐Cs	  (Chapter	  3).	  	  A	  dashed	  line	  indicates	  the	  predicted	  C-­‐C	  within	  the	  HIV-­‐2	  Rev	  sequence	  (top),	  and	  inferred	  registers	  of	  the	  C-­‐C	  are	  shown	  below	  (abcdefg).	  Negative	  and	  positively	  charged	  residues	  are	  colored	  red	  and	  blue,	  respectively,	  while	  uncharged	  polar	  and	  hydrophobic	  residues	  are	  colored	  green	  and	  black,	  respectively;	  proline	  residues	  are	  colored	  magenta.	  Orange	  outlined	  boxes	  indicate	  the	  key	  differences	  between	  residues	  of	  HIV-­‐1	  (bottom)	  and	  HIV-­‐2	  Rev	  in	  the	  predicted	  C-­‐C	  region.	  The	  NES	  of	  HIV-­‐1	  Rev	  is	  rich	  in	  proline	  residues	  and	  differs	  at	  several	  positions	  compared	  to	  HIV-­‐2	  Rev	  NES.	  Black	  arrows	  indicate	  Crm1	  interacting	  key	  leucine	  residues	  [21].	  	  	   Preliminary	  analyses	  of	  sequence	  logos	  of	  the	  Rev	  NES	  of	  HIV-­‐1	  and	  HIV-­‐2,	  differentially	  predicted	  to	  contain	  coiled-­‐coils	  suggest	  that	  HIV-­‐1	  Rev	  sequences	  differ	  significantly	  from	  those	  of	  HIV-­‐2	  and	  that	  major	  residue	  differences	  occur	  in	  both	  ‘a’,	  ‘d’,	  and	  ‘e’,	  ‘g’	  positions	  (Figure	  4.2).	  In	  contrast	  to	  results	  from	  comparison	  of	  the	  oligomerization	  domains	  of	  HIV-­‐1	  and	  HIV-­‐2	  Rev,	  these	  results	  suggest	  that	  genetic	  shift	  has	  resulted	  in	  two	  different	  types	  of	  NESs	  in	  HIV	  Rev	  with	  one	  type	  predicted	  to	  contain	  C-­‐Cs	  and	  the	  other	  predicted	  not	  to.	  	  
The	  origin	  of	  retroviral	  Rev-­‐like	  proteins	  
	   Another	  recurring	  theme	  emerging	  from	  results	  of	  Chapter	  3	  is	  that	  Rev-­‐like	  proteins	  could	  have	  a	  common	  origin:	  it	  is	  possible	  that	  a	  Rev-­‐like	  protein	  was	  present	  in	  an	  ancestor	  to	  all	  Rev-­‐like	  encoding	  retroviruses.	  One	  hypothesis	  is	  that	  all	  retroviral	  Rev-­‐like	  proteins	  originated	  from	  a	  co-­‐opted	  RNA-­‐binding	  protein	  that	  mediated	  nucleocytoplasmic	  transport	  in	  the	  host	  cell.	  In	  fact,	  simpler	  retroviruses,	  e.g.	  Mason	  Pfizer	  monkey	  virus	  (MPMV),	  do	  not	  encode	  a	  regulatory	  protein,	  but	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utilize	  cellular	  RNA-­‐binding	  nucleocytoplasmic	  shuttling	  proteins	  to	  mediate	  RNA	  export	  instead.	  Morphological	  and	  functional	  features	  shared	  among	  retroviral	  Rev-­‐like	  proteins	  also	  support	  the	  hypothesis	  of	  a	  common	  origin.	  For	  example,	  retroviral	  Rev-­‐like	  proteins	  are	  produced	  from	  a	  doubly-­‐spliced	  mRNA	  transcript,	  and	  translated	  from	  a	  biexonic	  mRNA	  [1,	  11–16].	  Importantly,	  all	  Rev-­‐like	  proteins	  utilize	  the	  importin	  and	  Crm1	  host	  pathways	  for	  nuclear	  import	  and	  export,	  respectively.	  However,	  there	  exist	  specific	  differences	  between	  certain	  members,	  which	  could	  be	  reflective	  of	  sequence	  divergence.	  BIV	  Rev,	  for	  instance,	  interacts	  indirectly	  with	  importin-­‐β	  through	  direct	  interactions	  with	  importin-­‐α,	  whereas	  HIV-­‐1	  Rev	  directly	  binds	  importin-­‐β for	  nuclear	  import.	  Also,	  Rev-­‐like	  NESs	  can	  be	  markedly	  different:	  the	  spacing	  of	  key	  hydrophobic	  residues	  in	  the	  NES	  of	  HIV-­‐1	  Rev	  significantly	  differs	  from	  that	  observed	  in	  EIAV,	  FIV,	  and	  BIV	  Rev	  [17–20].	  Furthermore,	  while	  HIV-­‐1	  Rev	  has	  been	  shown	  to	  have	  a	  disordered	  NES	  [21],	  the	  NES	  of	  BIV	  Rev	  has	  been	  shown	  to	  resemble	  another	  prototypic	  class	  of	  NESs,	  the	  PKI	  NES,	  which	  is	  alpha-­‐helical	  [19,	  21].	  It	  will	  be	  informative	  to	  perform	  comparative	  analyses	  of	  predicted	  tertiary	  structure	  for	  all	  retroviral	  Rev-­‐like	  proteins	  to	  determine	  if	  there	  is	  a	  conserved	  structural	  fold.	  A	  detailed	  computational	  analysis	  of	  tertiary	  structure	  for	  retroviral	  Rev-­‐like	  proteins,	  performed	  in	  a	  phylogenetics	  context,	  and	  incorporating	  results	  from	  the	  previous	  chapters	  could	  yield	  further	  insight	  into	  evolutionary	  relationships	  between	  Rev-­‐like	  proteins.	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FIGURE	  4.	  3:	  Phylogeny	  of	  Rev-­‐like	  protein-­‐encoding	  retroviruses	  and	  predicted	  tertiary	  














ungulate	  lentiviruses;	  and	  a	  globular	  fold	  predicted	  for	  deltaretroviruses	  and	  some	  ungulate	  lentiviruses.	  Although,	  a	  single	  overall	  structural	  fold	  is	  not	  predicted	  for	  all	  Rev-­‐like	  proteins,	  distinct	  groups	  have	  homologous	  tertiary	  structures.	  It	  is	  unclear	  if	  the	  distinct	  tertiary	  folds	  predicted	  for	  Rev-­‐like	  protein	  reflects	  multiple	  origins	  or	  a	  single	  origin	  followed	  by	  sequence	  and	  structural	  divergence.	  Further	  analyzing	  predicted	  structural	  features	  of	  Rev-­‐like	  proteins	  for	  recurring	  themes	  could	  also	  yield	  important	  insight	  into	  the	  origin	  of	  Rev-­‐like	  proteins.	  For	  example,	  C-­‐Cs	  are	  mostly	  predicted	  in	  regions	  of	  Rev-­‐like	  proteins	  known	  to	  mediate	  protein-­‐protein	  interactions,	  namely	  oligomerization	  domains	  and	  the	  NES	  (Chapter	  3).	  It	  will	  be	  informative	  to	  investigate	  the	  extent	  to	  which	  C-­‐Cs	  mediate	  interactions	  between	  Crm1	  and	  the	  NESs	  of	  host	  cellular	  binding	  partners.	  Such	  interactions	  could	  suggest	  a	  conserved	  role	  of	  C-­‐C	  interactions	  in	  Crm1	  mediated	  transport	  and	  could	  yield	  useful	  clues	  into	  the	  origin	  of	  retroviral	  Rev-­‐like	  proteins.	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